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Fermi’s theory of beta decay
In 1933 Fermi proposed a theory of beta decay

‣ four-fermion vertex with coupling constant GF

The theory has a serious sickness
‣ unitarity violation: interaction probability grows with energy until 

probabilities are greater than 1.  
‣ The theory is non-renormalizable. 

Now we see Fermi theory as an “effective theory” valid to energy scales 
comparable with the mass of the W-boson.
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The LHC: a no loose proposition
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WW Scattering @ High Energies

Higgs

Higgs

Violation of unitarity @ √s ! 1.7 TeV Restores unitarity if 
mH " 0.8-1 TeV

LHC is designed to explore this entire region

Some physics must kick in  ~ 1 TeV to restore unitarity,
could be Higgs, could be KK states, could be ….

Otherwise observe strong WW scattering
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The flat directions in the potential Goldstone modes are
related to massive force carriers.  

We say these degrees of freedom are “eaten”
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The Higgs Mechanism

The Higgs mechanism leaves open the underlying symmetry and the 
representation of the Higgs multiplet(s).  For example:
‣ Failed Georgi-Glashow model for EWSB without Z boson
‣ Higgs triplets with doubly charged Higgs
‣ more than one multiplet in SUSY and Type 1-4 2HDMs

6

As a by-product the theory predicted the existence of
some new particles, massive W and Z bosons which
carry the weak interactions and were discovered in
1983, and the Higgs boson which the Large Hadron
Collider (LHC) at CERN is currently trying to find.

In 1974 Gerard ’t Hooft [8] and Alexander
Polyakov [9] considered a slightly different variant of
this theory, which had been proposed earlier by Georgi
and Glashow [29]. Remarkably, ’t Hooft and Polyakov
found that this theory would necessarily contain both
electric and magnetic charges.

The Georgi–Glashow model is somewhat simpler
than the SU(2) 6 U(1) electroweak theory. It has only
one gauge symmetry, a non-Abelian symmetry known
as SO(3). The Higgs field consists of three real-valued
components ja, with a 2 {1,2,3}. We can therefore
think of it as a three-component vector j, although it
is important to keep in mind that it is a vector in the
abstract ‘internal’ space rather than real space. The
Higgs field carries potential energy whose density
depends on its value as

VðjÞ ¼ l
4
jjj2 $ v2
! "2

; ð21Þ

where l and v are parameters that would have to be
determined from experiments.

Because the potential V(j) depends only on the
length jjj of the Higgs field vector, it is clearly
spherically symmetric in the internal space. The gauge
transformations correspond to rotating this internal
space, and the gauge symmetry means that such a
rotation does not change the laws of physics. As in
electrodynamics [see Equation (14)], this rotation can
be position-dependent, and this requires a three-
component gauge field ~Aa, which is the analogue of
the electromagnetic potentials.

In the vacuum state, the potential energy (21) is
minimised and therefore the length of the Higgs field
vector is non-zero, jjj ¼ n. However, it can point in
any direction, so there is a sphere of possible vacuum
states (see Figure 3). In analogy with Equation (13),
the Higgs and gauge fields are related by the
requirement that the covariant derivative, defined as

ð~DjÞa ¼ ~rja þ qEabc~A
b
jc; ð22Þ

has to vanish, (~Dj)a ¼ 0 for all a. Here Eabc is the Levi–
Civita tensor, and we follow the usual convention that
repeated indices b and c are summed over. Once the
direction of the Higgs field is fixed, only rotations
around that axis are allowed, so the original SO(3)
symmetry is said to be spontaneously broken. The
remaining rotations correspond to the U(1) gauge
transformations (11) of Maxwell’s equations, and

therefore they give rise to electromagnetism. Further-
more, the requirement that a charged particle would
have to behave consistently under any rotation of the
whole three-dimensional internal space, not just those
around the Higgs field vector axis, gives rise to a
condition that the electric charge has to be quantised in
units of some elementary charge q.

’t Hooft and Polyakov considered what happens if
the direction of the Higgs field is not the same
everywhere. In most cases, the field would quickly
find its way to the vacuum state. However, they found
that this would not happen to the so-called hedgehog
configuration, which one can visualise by imagining
that the directions in the internal space correspond to
directions in real space. The hedgehog configuration
would then be the case in which the Higgs field vector
points away from the origin everywhere (see Figure 4).
We can write this field configuration as

jað~rÞ ¼ vfðrÞ ra
r
; ð23Þ

where ra is component a of the position vector ~r, and
r ¼ j~r j. The function f(r), which one usually has to find
numerically, describes the length of the Higgs field
vector and is a function of radius r only, so that the
configuration is spherically symmetric. It follows from

Figure 3. Spontaneous symmetry breaking. The Georgi–
Glashow model of electroweak unification has an SO(3)
gauge symmetry which correspond to rotations in the three-
dimensional internal space. However, the Higgs field j has a
non-zero length, and therefore its possible values lie on a
sphere in the internal space, corresponding to different
possible vacuum states. Because of the SO(3) symmetry, all
vacuum states are identical, but once the vacuum state has
been chosen, only rotations around the Higgs field axis are
possible. Therefore the full SO(3) symmetry is spontaneously
broken to a smaller U(1) symmetry, which gives rise to
electromagnetism.
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Thursday 15 August 2013

Accelerators, Detectors, and Computing - ISB 102 (08:30-10:00)
- Conveners: Tompkins, Lauren; Dr. Gutsche, Oliver

time [id] title presenter

 09:10 [91] Intensity Frontier Computing at Fermilab WOLBERS, Stephen

 09:35 [94] Experience Running an Analysis Cluster in an Academic Cloud ONYISI, Peter

Electroweak Physics - Cowell 131 (08:30-10:25)
- Conveners: Freitas, Ayres; Brandt, Gerhard

time [id] title presenter

 08:30 [292] Theory of anomalous gauge boson couplings DEGRANDE, Celine

 09:00 [66] Search for anomalous gauge couplings in semi-leptonic decays of WW$\gamma$ and
WZ$\gamma$ in pp collisions at $\sqrt{s}$ = 8 TeV

Dr. REBELLO TELES, Patricia

 09:20 [90] Measurements of ZZ, Zγ, and Zγγ production at the LHC with ATLAS Dr. MOSS, Joshua

 09:40 [133] Production Cross Section Measurements of Diboson and Triboson Containing W
Bosons at ATLAS, LHC

Mr. NGUYEN, Duong

Electroweak Symmetry Breaking and the Higgs Sector - Classroom Unit 1 (08:30-10:00)
- Conveners: Dr. Draper, Patrick; Dr. Piacquadio, Giacinto

time [id] title presenter

 08:30 [150] Observation and coupling measurements of Higgs boson in the diphoton decay mode
in ATLAS

YANG, Hongtao

 08:50 [155] Spin measurement of the Higgs-like resonance observed in the two photon decay
channel in ATLAS

Mr. HARD, Andrew

 09:10 [159] Property measurements with Higgs to gamma gamma at ATLAS Mr. SAXON, James

 09:30 [79] Observation Of A Higgs-Like Boson in the Decay H -> ZZ -> 4 lepton Mr. VARTAK, Adish

Field and String Theory - Page Smith Library (08:30-10:00)
- Conveners: Dr. Fitzpatrick, Andrew Liam; Prof. McAllister, Liam; Prof. McAllister, Liam

time [id] title presenter

 08:30 [232] Formalism and applications of heavy particle effective field theories Prof. HILL, Richard

 09:00 [291] Holographic entanglement beyond classical gravity Dr. DONG, Xi

 09:40 [231] Topologically Massive Yang-Mills Theory and Link Invariants Mr. YILDIRIM, Tuna

Neutrino Physics - ISB 221 (08:30-10:00)
- Conveners: Toups, Matt; Prof. Huber, Patrick

time [id] title presenter

 08:30 [216] New results on Neutrino Magnetic Moments and on Democratic Neutrinos Dr. ZHURIDOV, Dmitry
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Cosmic Frontier - Namaste Lounge (10:30-12:10)
- Conveners: Sandick, Pearl; Dr. Reid, Beth

time [id] title presenter

 10:30 [163] Prospects for Fundamental Physics and Cosmology with the Cherenkov Telescope

Array

WILLIAMS, David

 10:54 [167] Indirect Dark Matter Searches with the Cherenkov Telescope Array Dr. WOOD, Matthew

 11:18 [179] The VERITAS Dark Matter Program: Status and Prospects Dr. SMITH, Andrew

 11:42 [186] Particle Acceleration in Relativistic Jets: Results from VERITAS Prof. MUKHERJEE, Reshmi

Mukherjee

Electroweak Physics - Cowell 131 (10:30-12:10)
- Conveners: Freitas, Ayres; Brandt, Gerhard

time [id] title presenter

 10:30 [143] Measurements of VV Boson Production And Self-Interactions in The Semileptonic

Channel at CMS

Dr. OSIPENKOV, Ilya

 10:50 [241] Measurement of the ZZ production cross section and search for the standard model

Higgs boson in the four lepton final state

MENEZES, Diego

 11:10 [104] Electro-weak Bound States Prof. OWEN, David

 11:30 [240] Measurements of the W boson mass with the D0 detector ROMINSKY, Mandy

Electroweak Symmetry Breaking and the Higgs Sector - Classroom Unit 1 (10:30-12:00)
- Conveners: Dr. Draper, Patrick; Dr. Piacquadio, Giacinto

time [id] title presenter

 10:30 [288] Searching for neutral Higgs bosons in non-standard channels Dr. MENON, Arjun

 11:00 [172] Search for Non-Standard-Model Higgs Boson Decays Using Collimated Muon Pairs

at the CMS

TATARINOV, Aysen

 11:30 [198] ATLAS Searches for BSM Higgs Bosons POTTER, Christopher

Field and String Theory - Page Smith Library (10:30-12:10)
- Conveners: Dr. Fitzpatrick, Andrew Liam; Prof. McAllister, Liam; Prof. McAllister, Liam

time [id] title presenter

 10:30 [299] Black Hole Firewalls: Flame Suppressants and Burning Questions Dr. SULLY, James

 11:30 [266] Matter in String Theory and Implications for Particle Physics HALVERSON, James

Neutrino Physics - ISB 221 (10:30-11:45)
- Conveners: Toups, Matt; Prof. Huber, Patrick

time [id] title presenter

 10:30 [166] Charged Current Quasi-Elastic Scattering at MINERvA Mr. RAKOTONDRAVOHITRA,

Laza
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Cosmic Frontier - Namaste Lounge (13:30-15:30)
- Conveners: Sandick, Pearl; Dr. Reid, Beth

time [id] title presenter

 13:30 [135] Kinetic Decoupling of Effective WIMPS Dr. SHEPHERD, William

 13:54 [144] Constraints on Dark Matter Annihilation in Clusters of Galaxies from Diffuse Radio
Emission

EMMA, Storm

 14:18 [270] Complementarity and Searches for Dark Matter in the pMSSM ISMAIL, Ahmed

 14:42 [312] Non-Thermal Production of Dark Matter as Dark Radiation Dr. QUEIROZ, Farinaldo

 15:06 [75] On a singular solution in Higgs field (6) – A long time behavior of the candidate for
dark energy

KITAZAWA, Kazuyoshi

Electroweak Physics - Cowell 131 (13:30-14:10)
- Conveners: Freitas, Ayres; Brandt, Gerhard

time [id] title presenter

 13:30 [58] Measurements of vector boson production in association with jets in ATLAS BRANDT, Gerhard

Electroweak Symmetry Breaking and the Higgs Sector - Classroom Unit 1 (13:30-15:30)
- Conveners: Dr. Draper, Patrick; Dr. Piacquadio, Giacinto

time [id] title presenter

 13:30 [287] Electroweak Baryogenesis and Higgs Signatures Dr. COHEN, Tim

 14:00 [69] Search for invisible decays of a Higgs boson produced in association with a Z boson
in ATLAS

XU, Lailin

 14:30 [109] Searches for low-mass Higgs at BaBar Mr. SO, Rocky

 15:00 [156] Searches for Exotic Higgs decays in CMS Dr. CASTANEDA, Alfredo

Field and String Theory - Page Smith Library (13:30-15:30)
- Conveners: Dr. Fitzpatrick, Andrew Liam; Prof. McAllister, Liam; Prof. McAllister, Liam

time [id] title presenter

 13:30 [300] Conformal Field theories in 3.99 dimensions. Dr. VICHI, Alessandro

 14:10 [301] Bootstrapping the O(N) Vector Models Dr. SIMMONS-DUFFIN, David

 14:50 [302] Flux Compactifications Dr. DAHLEN, Alex

Neutrino Physics - ISB 221 (13:30-15:30)
- Conveners: Toups, Matt; Prof. Huber, Patrick

time [id] title presenter

 13:30 [195] Update from the ArgoNeuT Experiment Dr. SZELC, Andrzej

 13:50 [168] MicroBooNE COLLIN, Gabriel

 14:10 [164] The LArIAT Experiment Dr. SZELC, Andrzej

 14:30 [259] The CAPTAIN detector and physics program GRANT, Christopher

 DPF 2013 / Programme

 Page 7 

Thursday 15 August 2013

 
14:30 [85] Measurement of angular correlations of jets in pp collisions at sqrt(s) = 8 TeV with

the ATLAS detector

Mr. SUBRAMANIAM,

Rajivalochan

 
14:50 [51] New approach to identifying boosted hadronically-decaying particle using jet

substructure in its center-of-mass frame

Prof. CHEN, chunhui

Accelerators, Detectors, and Computing - ISB 102 (16:00-17:40)
- Conveners: Tompkins, Lauren; Dr. Gutsche, Oliver

time [id] title presenter

 
16:00 [197] Data Driven Triggers for the NOvA Experiment Mr. ZIRNSTEIN, Jan

 
16:25 [40] The LHCb trigger system: performance and outlook FITZPATRICK, Conor

 
16:50 [96] The Fast TracKer Upgrade to the ATLAS Detector AUERBACH, Benjamin

 
17:15 [208] Potential Impact of a New GEM-Based Muon Detector on CMS Triggering Dr. CASTANEDA, Alfredo

Cosmic Frontier - Namaste Lounge (16:00-17:40)
- Conveners: Sandick, Pearl; Dr. Reid, Beth

time [id] title presenter

 
16:00 [210] The Cryogenic Dark Matter Search: Results and Prospects Prof. CUSHMAN, Priscilla

 
16:35 [183] After LUX: The LZ Experiment Ms. PANGILINAN, Monica

Electroweak Symmetry Breaking and the Higgs Sector - Classroom Unit 1 (16:00-17:40)
- Conveners: Dr. Draper, Patrick; Dr. Piacquadio, Giacinto

time [id] title presenter

 
16:00 [307] Search for invisible Higgs decays at CMS CHASCO, Matthew

 
16:30 [80] Search for the SM Higgs Boson Produced in Association with a Vector Boson and

Decaying to Bottom Quarks

Mr. MOONEY, Michael

 
16:55 [202] Search for associated production WH, ZH with H decaying to b bbar at ATLAS. Dr. MORANGE, Nicolas

 
17:15 [146] Statistical treatment in the search for the Standard Model Higgs boson produced in

association with a vector boson and decaying to bottom quarks with the ATLAS detector

MING, Yao

Field and String Theory - Page Smith Library (16:00-17:40)
- Conveners: Dr. Fitzpatrick, Andrew Liam; Prof. McAllister, Liam; Prof. McAllister, Liam

time [id] title presenter

 
16:00 [303] Holographic entanglement entropy and higher spin gravity Dr. IQBAL, Nabil

 
16:40 [304] Spectral Network and Wall-Crossing of a_n and d_n theories Dr. YAN, Wenbin

 
17:20 [67] The covariant, time-dependent Aharonov–Bohm effect Prof. SINGLETON, Douglas

Neutrino Physics - ISB 221 (16:00-17:40)
- Conveners: Toups, Matt; Prof. Huber, Patrick

time [id] title presenter
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Quark and Lepton Flavor Physics - Cowell 131 (08:30-10:00)
- Conveners: Prof. Paz, Gil; Worcester, Elizabeth

time [id] title presenter

 08:30 [121] B -> omega omega, omega phi, CP violation in B to three kaons, and other
charmless B-meson decays

ALBERT, Justin

 08:50 [226] Results from Belle's Upsilon(5S) data sample SANTEL, Dan

 09:10 [228] Results on New Particles from Belle MUSSA, Roberto

 09:30 [171] Measurements of the properties of bottom baryons at CDF LUKENS, Patrick

Top Quark Physics - Cowell 134 (08:30-10:00)
- Conveners: Prof. Wimpenny, Stephen; Tweedie, Brock

Accelerators, Detectors, and Computing - ISB 102 (10:30-12:10)
- Conveners: Tompkins, Lauren; Dr. Gutsche, Oliver

time [id] title presenter

 10:30 [131] Tracker for the Mu2e Experiment at Fermilab Dr. MUKHERJEE, Aseet

 10:55 [89] Alignment of CMS silicon pixel detector NOONAN, Daniel

 11:20 [260] Studies of Beam Loss Effect on Silicon Strip Modules in ATLAS Detector Dr. GRILLO, Alex

 11:45 [116] Silicon strip prototypes for the Phase-II upgrade of the ATLAS tracker for the
HL-LHC

Dr. DIEZ-CORNELL, Sergio

Cosmic Frontier - Namaste Lounge (10:30-12:10)
- Conveners: Sandick, Pearl; Dr. Reid, Beth

time [id] title presenter

 10:30 [176] New results from SDSS-III BOSS: cosmic expansion and growth of structure Dr. REID, Beth

 10:54 [211] Reconstruction of Density field for Baryonic Acoustic Oscillations VARGAS-MAGANA, Mariana

 11:18 [134] MS-DESI, a BAO Experiment to Study Dark Energy LEVI, Michael

Electroweak Symmetry Breaking and the Higgs Sector - Classroom Unit 1 (10:30-12:00)
- Conveners: Dr. Draper, Patrick; Dr. Piacquadio, Giacinto

time [id] title presenter

 10:30 [86] Searches for decays of the Higgs-like boson to tau lepton pairs with the ATLAS
detector

Mr. TUNA, Alexander Naip

 11:00 [149] Search for the standard model Higgs boson in the Zgamma decay mode with ATLAS WANG, Fuquan

 11:30 [289] Implications of a 125 GeV SM-like Higgs Dr. DRAPER, Patrick

Neutrino Physics - ISB 221 (10:30-12:10)
- Conveners: Toups, Matt; Prof. Huber, Patrick

time [id] title presenter

 10:30 [243] Latest results from Daya Bay WORCESTER, Elizabeth

 DPF 2013 / Programme
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time [id] title presenter

 14:30 [180] The Dark Energy Survey Mr. CUNHA, Carlos

 14:54 [191] DES Science Verification Prof. HONSCHEID, Klaus

 15:18 [203] Photometric Redshift Calibration of the Dark Energy Survey Prof. HONSCHEID, Klaus

 15:54 [48] Cosmology with galaxy clusters in DES Dr. SOARES-SANTOS, Marcelle

 16:18 [190] Mass and light distributions of massive galaxy clusters with DECam Prof. HONSCHEID, Klaus

 16:42 [218] The Dark Energy Survey Supernova Project BARBARY, Kyle

 17:06 [206] Using galaxies to understand weak lensing Prof. HONSCHEID, Klaus

Electroweak Symmetry Breaking and the Higgs Sector - Classroom Unit 1 (14:30-17:00)
- Conveners: Dr. Draper, Patrick; Dr. Piacquadio, Giacinto

time [id] title presenter

 14:30 [98] Evidence for a particle decaying to W+W- in the fully leptonic final state in a standard
model Higgs boson search

Mr. YOO, Jae Hyeok

 15:00 [129] Higgs to WW production at ATLAS Mr. SCHAEFER, Doug

 15:20 [217] Vector boson fusion Higgs production in H\rightarrow{WW}\rightarrow{l \nu l \nu}
in ATLAS

Mr. CERIO, Benjamin

 15:40 [152] Spin measurements of the Higgs-like resonance in the WW->lvlv decay mode in
ATLAS

Dr. KASHIF, Lashkar

 16:00 [247] Properties of a Higgs-like particle of mass 125 GeV SHAW, Savanna

 16:30 [147] Higgs property measurements in ATLAS Mr. JI, haoshuang

Neutrino Physics - ISB 221 (14:30-17:30)
- Conveners: Toups, Matt; Prof. Huber, Patrick

time [id] title presenter

 14:30 [268] Future Sensitivity of the T2K Long-Baseline Neutrino Experiment Dr. FRIEND, Megan

 14:50 [248] Super-Kamiokande and T2K Joint Fit Studies for Neutrino Oscillation Parameters Dr. IMBER, James

 15:10 [42] NOvA experiment: overview and status Dr. BIAN, Jianming

 15:30 [112] A data-driven method of background prediction at NOvA Ms. SACHDEV, Kanika

 15:50 [189] Expected Sensitivities from the $\nu_{\mu}$ Disappearance Analysis using the
NO$\nu$A Detector.

Mr. BAIRD, Michael

16:10 Short break

 16:30 [0] Measuring Neutrino Oscillations with the MINOS Experiment Mr. RADOVIC, Alexander

 16:50 [178] A Search for Sterile Neutrinos at MINOS and Prospects for MINOS+ Dr. AURISANO, Adam

 17:10 [141] Searching for Sterile Neutrinos and CP Violation: The IsoDAR and Daedalus
Experiments

Mr. SHAEVITZ, Mike

Physics Beyond the Standard Model - Classroom Unit 2 (14:30-17:50)
- Conveners: Dr. Ulmer, Keith; Bai, Yang
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SM Higgs @ the LHC
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Production and Decay of the Standard Model Higgs @ the LHC
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- Gluon-Gluon Fusion dominant production process.
- Vector Boson Fusion (Hqq) ≈ 20% of gg at 120 GeV
- Associated production with W, Z and heavy quarks have
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Gluon fusion: produced with little pT
Vector boson fusion: hard jets, high pT
Associated: extra handle from leptons

 [GeV] HM
100 200 300 400 500 1000

 H
+X

) [
pb

]  
  

→
(p

p 
σ

-210

-110

1

10
= 7 TeVs

LH
C

 H
IG

G
S 

XS
 W

G
 2

01
0

 H (NNLO+NNLL QCD + NLO EW)

→pp 

 qqH (NNLO QCD + NLO EW)

→pp 

 WH (NNLO QCD + NLO EW)

→
pp 

 ZH (NNLO QCD +NLO EW)

→
pp 

 ttH (NLO QCD)

→
pp 

Fig. 41: The SM Higgs production cross section at
√
s = 7 TeV.
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Fig. 41: The SM Higgs production cross section at
√
s = 7 TeV.
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Fig. 42: The SM Higgs production cross section at
√
s = 14 TeV.
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Fig. 41: The SM Higgs production cross section at
√
s = 7 TeV.
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Fig. 42: The SM Higgs production cross section at
√
s = 14 TeV.
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Fig. 35: SM Higgs branching ratios as a function of the Higgs-boson mass.
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Fig. 36: SM Higgs total width as a function of the Higgs-boson mass.
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Discovery!

Fantastic running at the LHC leading to >1015 p-p collisions !
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~2.4σ discrepancy
8 7 Reinterpreting the data with new parameters

7.1 Decay width

To accomodate the natural width of the Higgs boson, the Gaussian components used in the
signal model of the SM analysis, where the signal width is assumed to be neglible as compared
to the detector resolution, are replaced by an analytic convolution of a Breit-Wigner distribu-
tion (modelling a non-zero decay width) with a Gaussian distribution (modelling the non-zero
detector resolution).

A profile likelihood estimator is used to calculate upper limits on the width of the observed
boson whilst allowing the fitted Higgs mass to float. Figure 1 shows a scan of the negative-
log-likelihood as a function of the observed state’s decay width for the combined 7 and 8 TeV
dataset. The observed (expected) upper limit on the width is calculated using the Feldman-
Cousins method [33] and is found to be 6.9 (5.9) GeV at 95% confidence level.
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Figure 1: A scan of the negative-log-likelihood as a function of the Higgs decay width. The ob-
served (expected) Feldman-Cousins upper limit on the width is 6.9 (5.9) GeV at 95% confidence
level.

7.2 Search for additional Higgs-like states

In this search the observed state around 125 GeV is considered as part of the background. The
background model now becomes the SM analysis signal plus background model, such that the
mass and signal strength of the already observed state are allowed to float. An additional inde-
pendent signal model is introduced as a second Higgs for which exclusion limits on the signal
strength, and associated p-value, can be calculated. The resulting exclusion limit is shown in
Fig. 2. Once sufficiently away from 125 GeV, we recover the same limit as in the search for
a single SM Higgs boson. The p-value at the most significant excess, where mH=136.5 GeV, is
found to be 2.93s. The shaded area, of 125±3 GeV, indicates the region where the expected
sensitivity to a second Higgs boson is degraded due to the presence of the already observed
state. This region is probed by the search described in Section 7.3.

Additional cases of interest are when the second state couples only to fermions or only to
bosons, for example in the alignment limit of some 2HDM scenarios. The alignment limit,
defined as sin2(b � a) = 1, where a and b are the two mixing angles in 2HDMs, h has SM
couplings and H and A decouple from the W and Z bosons, therefore gluon-fusion is the



Kyle Cranmer (NYU)

Center for 
Cosmology and 
Particle Physics

DPF, Santa Cruz, August 2013

Spin & CP Properties

12



Kyle Cranmer (NYU)

Center for 
Cosmology and 
Particle Physics

DPF, Santa Cruz, August 2013

Christophe Grojean Implications of Possible New Physics Kracow, 10rd Sept. 2o128

Higgs’ JPC

Have we observed a scalar?

Spin  ⇆ angular distribution of final decay products
 spin-1: forbidden by Landau-Yang’s theorem (ie Bose symmetry)
                        and

 spin-0: flat in cos θ* 
 spin-2: quartic in cos θ*: 
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M = 125 GeV: Non-SM-Higgs-like objects: Spin-2

Test spin of Higgs-like object using angular distributions.

1) Diphoton signal: gg ! X ! �� and/or qq̄ ! X ! ��

Spin-0: distribution of X decay products is flat in cos ✓⇤

Spin-2: distribution of X decay products is quartic in cos ✓⇤
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Figure 2: The �� angular distribution of d�/d� given in (33).

The contributions of the two possible final polarization states �� +
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2 and �� �
1 �� �

2 to
the total �� cross section d�/d� are identical, and we have

d�
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4
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cos2� +

1

4
cos4� , (33)

which is plotted in Fig. 2.
We see in Fig. 2 that the total �� angular distribution in the X2 centre-of-mass

frame di�ers substantially from the isotropic angular distribution expected for the
decay of a spin-zero particle such as the Higgs boson. In particular, the �� final state
is suppressed at large angles � relative to the beams. This suggests that a careful
study of the �� angular distribution might o�er some discrimination between the
spin-two and spin-zero hypotheses. However, any conclusion on this possibility would
require a realistic simulation of the �� signal in an LHC detector.

4 The Process gg � X2 � W �W + � ���+��

4.1 Lepton Angular Distributions in W Decays

4.1.1 W � � ���

As preparation for this Section, we first consider the decay W � � ���. We consider
a W � at rest and denote the momenta of the final-state particles by

pµ
�� = (p, p sin �1 cos �1, p sin �1 sin �1, p cos �1) , (34)

pµ
⌫ = (p, �p sin �1 cos �1, �p sin �1 sin �1, �p cos �1) , (35)
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see, e.g., Ellis & Hwang arXiv:1202.6660

H. Logan & C. Grojean BSM Higgs: theory HXSWG workshop, May 25, 2012

5

e.g., Gao et al  ’10

gg ! X ! ZZ? ! 4l

gg ! X ! WW ? ! 2l2⌫
Ellis, Hwang ’12

De Rujula et al. ’10Choi et al ’02

Parity  ⇆ angular distribution of final decay products
 CP-odd: couplings to W and W are loop-induced only! Hard to explain data.
 angular distribution of leptons in                       
 angular distribution of jets produced in VBF 
 spin correlations in 

gg ! X ! ZZ? ! 4l

X ! ⌧⌧

Plehn et al ’01

Berge et al ’08

Can be solved at LHC8 (may be), LHC14 (for sure)
too academic questions? Sensitivity to degree admixture of admixture even/odd?

JPC outlook < 1 year ago
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FIG. 1: Illustration of an exotic X particle production and decay in pp collision gg or qq̄ → X → ZZ → 4l±. Six angles fully
characterize orientation of the decay chain: θ∗ and Φ∗ of the first Z boson in the X rest frame, two azimuthal angles Φ and Φ1

between the three planes defined in the X rest frame, and two Z-boson helicity angles θ1 and θ2 defined in the corresponding
Z rest frames. The offset of angle Φ∗ is arbitrarily defined and therefore this angle is not shown.

discussed in Refs. [21–23] KK graviton decays into pairs of gauge bosons are enhanced relative to direct decays into
leptons. Similar situations may occur in “hidden-valley”-type models [24]. An example of a ”heavy photon” is given
in Ref. [25].
Motivated by this, we consider the production of a resonance X at the LHC in gluon-gluon and quark-antiquark

partonic collisions, with the subsequent decay of X into two Z bosons which, in turn, decay leptonically. In Fig. 1,
we show the decay chain X → ZZ → e+e−µ+µ−. However, our analysis is equally applicable to any combination of
decays Z → e+e− or µ+µ−. It may also be applicable to Z decays into τ leptons since τ ’s from Z decays will often be
highly boosted and their decay products collimated. We study how the spin and parity of X , as well as information
on its production and decay mechanisms, can be extracted from angular distributions of four leptons in the final state.
There are a few things that need to be noted. First, we obviously assume that the resonance production and

its decays into four leptons are observed. Note that, because of a relatively small branching fraction for leptonic Z
decays, this assumption implies a fairly large production cross-section for pp → X and a fairly large branching fraction
for the decay X → ZZ. As we already mentioned, there are well-motivated scenarios of BSM physics where those
requirements are satisfied.
Second, having no bias towards any particular model of BSM physics, we consider the most general couplings of the

particle X to relevant SM fields. This approach has to be contrasted with typical studies of e.g. spin-two particles
at hadron colliders where such an exotic particle is often identified with a massive graviton that couples to SM fields
through the energy-momentum tensor. We will refer to this case as the “minimal coupling” of the spin-two particle
to SM fields.
The minimal coupling scenarios are well-motivated within particular models of New Physics, but they are not

sufficiently general. For example, such a minimal coupling may restrict partial waves that contribute to the production
and decay of a spin-two particle. Removing such restriction opens an interesting possibility to understand the couplings
of a particle X to SM fields by means of partial wave analyses, and we would like to set a stage for doing that in this
paper. To pursue this idea in detail, the most general parameterization of the X coupling to SM fields is required.
Such parameterizations are known for spin-zero, spin-one, and spin-two particles interacting with the SM gauge
bosons [7, 8] and we use these parameterizations in this paper. We also note that the model recently discussed in
Refs. [21–23] requires couplings beyond the minimal case in order to produce longitudinal polarization dominance.
Third, we note that while we concentrate on the decay X → ZZ → l+1 l

−
1 l

+
2 l

−
2 , the technique discussed in this

paper is more general and can, in principle, be applied to final states with jets and/or missing energy by studying
such processes as X → ZZ → l+l−jj, X → W+W− → l+νjj, etc. In contrast with pure leptonic final states,
higher statistics, larger backgrounds, and a worse angular resolution must be expected once final states with jets and
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of a particle X to SM fields by means of partial wave analyses, and we would like to set a stage for doing that in this
paper. To pursue this idea in detail, the most general parameterization of the X coupling to SM fields is required.
Such parameterizations are known for spin-zero, spin-one, and spin-two particles interacting with the SM gauge
bosons [7, 8] and we use these parameterizations in this paper. We also note that the model recently discussed in
Refs. [21–23] requires couplings beyond the minimal case in order to produce longitudinal polarization dominance.
Third, we note that while we concentrate on the decay X → ZZ → l+1 l

−
1 l

+
2 l

−
2 , the technique discussed in this

paper is more general and can, in principle, be applied to final states with jets and/or missing energy by studying
such processes as X → ZZ → l+l−jj, X → W+W− → l+νjj, etc. In contrast with pure leptonic final states,
higher statistics, larger backgrounds, and a worse angular resolution must be expected once final states with jets and

fa3 Measurement

• A1 dominates the 0+ decay

• A3 dominates the 0- decay

• Define fa3 = |A3|2 / (|A1|2 + |A3|2)

• Presence of both A1 and A3 (fa3≠0 and 
fa3≠1) indicates CP violation

• fa3 can be measured by performing a 
2D(Dbkg, D0-) fit on data

A1 A3

Most general amplitude for a spin-0 boson is :

Best fit value of fa3 = 0.00+0.23-0.00

14
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Figure 8: The distribution of the test statistic for pseudo experiments generated under the SM,
0+, hypothesis (orange) and the graviton-like, 2+m , hypothesis (blue) with gluon fusion produci-
ton only (left) and quark-antiquark production only (right). The observed value in the data is
shown as the red arrow.

fixed to the best fit value of the model in question to data and the fraction of qq̄ production is
increased by a factor, fqq̄. Figure 9 shows the distribution of the test statistic as a function of the
fraction of 2+m production from qq̄ annihilation. Figure 8 is, in effect, a projection of Fig. 9 at the
points fqq̄ =0% and fqq̄ =100% . The test statistic distributions for fqq̄ =25%, 50% and 75% are
shown in Appendix C.

9 Conclusions
Studies of some of the properties of the observed Higgs-like signal have been performed in the
two photon decay channel with 5.1 (19.6) fb�1 of pp collisions at a centre-of-mass energy of 7
(8) TeV with the CMS detector. The natural width of the new state is found to be < 6.9 GeV
(expected < 5.9 GeV) at 95% C.L. Exclusion limits have been set on second Higgs scenarios
either supposing another Higgs elsewhere or that the observed signal is shared between two
nearly degenerate mass states. The SM spin-0 hypothesis is compared to a graviton like spin-2
hypothesis with minimal couplings. With the present data this particular spin-2 model cannot
be ruled out. The observed data is found to be compatible with the SM with a c2 p-value of
0.68.

8.1 Event categorisation 11
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Figure 5: The distribution of | cos(q⇤CS)| before any selection cuts (left) and after the selection
cuts (right). The three histograms represent the spin 0+ distribution with all SM production
modes (red circular points), the spin 2+m distribution with the gluon-fusion production mode
(green square points) and the spin 2+m distribution with the quark-antiquark annihilation pro-
duction mode (blue triangular points). The | cos(q⇤CS)| category boundaries are shown as the
black dashed lines.

|*θ|cos 
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

A
cc

. x
 E

ff 
ra

tio
 to

 S
M

0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
1.8
2.0

=8TeV, L=19.5/fbsCMS preliminary: 

)
m
+ X(2→gg 

 < 1.5max|η 0.94, |≥ minR9
 < 1.5max|η < 0.94, |minR9
 > 1.5max|η 0.94, |≥ minR9
 > 1.5max|η < 0.94, |minR9
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R9 categories defined in Table. 2. The | cos(q⇤CS)| category boundaries are shown as the black
dashed lines.

truth after cuts

with increasing fqq̄. For large values of fqq̄, the | cos ✓⇤|
distributions associated with the spin-0 and spin-2 sig-
nals become very similar. In the case of the H ! ZZ⇤
channel, a separation slightly above one standard devi-
ation is expected between the JP = 0+ and JP = 2+
hypotheses, with little dependence on the production
mechanism. The H ! WW⇤ channel has the opposite
behaviour to the H! �� one, with the best expected re-
jection achieved for large values of fqq̄, as illustrated in
Table 4. The results for the H ! WW⇤ channel are also
in agreement with the JP = 0+ hypothesis. The JP = 2+
hypothesis is excluded with a CL above 95%. The data
are in better agreement with the JP = 0+ hypothesis
over the full range of fqq̄.

 (%)qqf
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Figure 8: Expected (blue triangles/dashed line) and observed (black
circles/solid line) confidence levels, CLs(JP = 2+), of the JP = 2+
hypothesis as a function of the fraction fqq̄ (see text) for the spin-2
particle. The green bands represent the 68% expected exclusion range
for a signal with assumed JP = 0+. On the right y-axis, the corre-
sponding numbers of Gaussian standard deviations are given, using
the one-sided convention.

Table 5 shows the expected and observed p0-values
for both the JP = 0+ and JP = 2+ hypotheses for the
combination of the H! ��, H ! ZZ⇤ and H ! WW⇤
channels. The test statistics calculated on data are com-
pared to the corresponding expectations obtained from
pseudo-experiments, as a function of fqq̄. The data are

in good agreement with the Standard Model JP = 0+
hypothesis over the full fqq̄ range. Figure 8 shows the
comparison of the expected and observed CLs values for
the JP = 2+ rejection as a function of fqq̄. The observed
exclusion of the JP = 2+ hypothesis in favour of the
Standard Model JP = 0+ hypothesis exceeds 99.9% CL
for all values of fqq̄.
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Figure 9: Expected (blue triangles/dashed lines) and observed (black
circles/solid lines) confidence level CLs for alternative spin–parity hy-
potheses assuming a JP = 0+ signal. The green band represents the
68% CLs(JP

alt) expected exclusion range for a signal with assumed
JP = 0+. For the spin-2 hypothesis, the results for the specific 2+m
model, discussed in Section 2, are shown. On the right y-axis, the cor-
responding numbers of Gaussian standard deviations are given, using
the one-sided convention.

7.6. Summary
The observed and expected CLs values for the exclu-

sion of the di↵erent spin–parity hypotheses are sum-
marised in Fig. 9. For the spin-2 hypothesis, the CLs
value for the specific 2+m model, discussed in Section 2,
is displayed.

8. Conclusions

The Standard Model JP = 0+ hypothesis for the
Higgs boson has been compared to alternative spin–
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(assuming 0+ SM tensor structure)
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March 8, 2013 – 16 : 11 DRAFT 3

For each analysis category (k) the number of signal events (nk
signal) is parametrized as:60

nk
signal =



∑

i

µiσi,SM × Ak
i f × εk

i f


 × µ f × Bf ,SM ×Lk (1)

where A represents the detector acceptance, ε the reconstruction efficiency andL the integrated luminos-61

ity. The number of signal events expected from each combination of production and decay is scaled by62

the corresponding product of µiµ f , with no change to the distribution of kinematic or other properties.63

This parametrization generalizes the dependency of the signal yields on the production cross sections64

and decay branching fractions, allowing for a coherent variation across several channels. This approach65

is also general in the sense that it is not restricted by any relationship between production cross sections66

and branching ratios. The relationship between production and decay in the context of a specific theory67

or benchmark is achieved via a parametrization of µi, µ f → f (κ), where the κ are the parameters of the68

theory or benchmark under consideration as defined in Section 5. In the simplest cases the product µiµ f69

Table 1: Summary of the individual channels entering the combined results presented here. In channels
sensitive to associated production of the Higgs boson, V indicates a W or Z boson. The symbols ⊗ and ⊕
represent direct products and sums over sets of selection requirements, respectively. The abbreviations
listed here are described in the corresponding Refs. reported in the last column. For the determination of
the combined signal strength µ in Section 4 the inclusive H→ZZ(∗)→ 4# analysis [8] is used.

Higgs Boson Subsequent Sub-Channels
∫

L dt Ref.Decay Decay [fb−1]

2011
√

s =7 TeV
H → ZZ(∗) 4# {4e, 2e2µ, 2µ2e, 4µ, 2-jet VBF, #-tag} 4.6 [8]

H → γγ – 10 categories 4.8 [7]{pTt ⊗ ηγ ⊗ conversion} ⊕ {2-jet VBF}
H → WW (∗) #ν#ν {ee, eµ, µe, µµ} ⊗ {0-jet, 1-jet, 2-jet VBF} 4.6 [9]

H → ττ
τlepτlep {eµ} ⊗ {0-jet} ⊕ {##} ⊗ {1-jet, 2-jet, pT,ττ > 100 GeV, VH} 4.6
τlepτhad {e, µ} ⊗ {0-jet, 1-jet, pT,ττ > 100 GeV, 2-jet} 4.6 [10]
τhadτhad {1-jet, 2-jet} 4.6

VH → Vbb
Z → νν Emiss

T ∈ {120 − 160, 160 − 200,≥ 200 GeV} ⊗ {2-jet, 3-jet} 4.6
W → #ν pW

T ∈ {< 50, 50 − 100, 100 − 150, 150 − 200,≥ 200 GeV} 4.7 [11]
Z → ## pZ

T ∈ {< 50, 50 − 100, 100 − 150, 150 − 200,≥ 200 GeV} 4.7

2012
√

s =8 TeV
H → ZZ(∗) 4# {4e, 2e2µ, 2µ2e, 4µ, 2-jet VBF, #-tag}} 20.7 [8]

H → γγ – 14 categories 20.7 [7]{pTt ⊗ ηγ ⊗ conversion} ⊕ {2-jet VBF} ⊕ {#-tag, Emiss
T -tag, 2-jet VH}

H → WW (∗) #ν#ν {ee, eµ, µe, µµ} ⊗ {0-jet, 1-jet, 2-jet VBF} 20.7 [9]

H → ττ
τlepτlep {##} ⊗ {1-jet, 2-jet, pT,ττ > 100 GeV, VH} 13
τlepτhad {e, µ} ⊗ {0-jet, 1-jet, pT,ττ > 100 GeV, 2-jet} 13 [10]
τhadτhad {1-jet, 2-jet} 13

VH → Vbb
Z → νν Emiss

T ∈ {120 − 160, 160 − 200,≥ 200 GeV} ⊗ {2-jet, 3-jet} 13
W → #ν pW

T ∈ {< 50, 50 − 100, 100 − 150, 150 − 200,≥ 200 GeV} 13 [11]
Z → ## pZ

T ∈ {< 50, 50 − 100, 100 − 150, 150 − 200,≥ 200 GeV} 13
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FIG. 1. Invariant or transverse mass distributions for the selected candidate events, the total background and the signal expected
in the following channels: (a) H → γγ, (b) H → ZZ(∗) → "+"−"+"− in the entire mass range, (c) H → ZZ(∗) → "+"−"+"− in
the low mass range, (d) H → ZZ → "+"−νν, (e) b-tagged selection and (f) untagged selection for H → ZZ → "+"−qq, (g) H →
WW (∗) → "+ν"−ν+0-jets, (h) H → WW (∗) → "+ν"−ν+1-jet, (i) H → WW (∗) → "+ν"−ν+2-jets, (j) H → WW → "νqq′+0-
jets, (k) H → WW → "νqq′+1-jet and (l) H → WW → "νqq′+2-jets. The H → WW (∗) → "+ν"−ν+2-jets distribution is
shown before the final selection requirements are applied.
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FIG. 2. Invariant or transverse mass distributions for the selected candidate events, the total background and the signal expected
in the following channels: (a) H → τlepτlep+0-jets, (b) H → τlepτlep 1-jet, (c) H → τlepτlep+2-jets, (d) H → τlepτhad+0-jets and
1-jet, (e) H → τlepτhad+2-jets, (f) H → τhadτhad. The bb invariant mass for (g) the ZH → "+"−bb̄, (h) the WH → "νbb̄ and (i)
the ZH → ννbb̄ channels. The vertical dashed lines illustrate the separation between the mass spectra of the subcategories in
pZT, p

W
T , and Emiss

T , respectively. The signal distributions are lightly shaded where they have been scaled by a factor of five or
ten for illustration purposes.

date Categories Nodes Parameters
Jan-09 3 50 10
Jun-10 6 374 37
Jun-11 24 7000 82
Nov-11 48 10000 164
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Figure 12: The weighted distribution of the invariant mass of diphoton candidates for the combined

7 TeV and 8 TeV data samples. The weight wi for category i from [1, 14] is defined to be ln(1 + S i/Bi),
where S i is the expected number of signal events in a mass window that contains 90% of the signal

events, and Bi is the integral in the same window of a background-only fit.
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Figure 13: The observed signal strength µ for the 14 categories of the 8 TeV data analysis.
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Table 5: Summary of the impact of systematic uncertainties on the signal yields for the analysis of the

8 TeV data.
Systematic uncertainties Value(%) Constraint

Luminosity ±3.6
Trigger ±0.5

Photon Identification ±2.4 Log-normal

Isolation ±1.0
Photon Energy Scale ±0.25

Branching ratio ±5.9% − ±2.1% (mH = 110 - 150 GeV) Asymmetric
Log-normal

Scale ggF: +7.2−7.8 VBF: +0.2−0.2 WH: +0.2−0.6 Asymmetric

ZH: +1.6−1.5 ttH: +3.8−9.3 Log-normal

PDF+αs ggF: +7.5−6.9 VBF: +2.6−2.7 WH: ±3.5 Asymmetric

ZH: ±3.6 ttH: ±7.8 Log-normal

Theory cross section on ggF Tight high-mass two-jet: ±48 Log-normal

Loose high-mass two-jet: ±28
Low-mass two-jet: ±30

signal composition (%)
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Figure 9: Decomposition of the expected signal from the various production processes for each category

at mH = 126.5 GeV for
√
s = 8 TeV.
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AARON ARMBRUSTER

Signal Parametrization

• Assumptions for properties measurements

– CP even scalar

– Single resonance: same boson in all channels

– Narrow width: (σ × B)(ii→ H → ff) = σii ·
Γff

ΓH

• nk
Signal =

(

∑

µiσi,SM × Ak
if × εkif

)

× µfBf,SM × Lk

– σi = µiσi,SM is the ith hypothesized production cross section

– Bf = µfBf,SM is the f th hypothesized branching fraction

– Detector acceptance Ak
if , reconstruction efficiency εkif , and

integrated luminosity Lk are fixed by above assumptions

• Fixing µ ratios to SM may conceal tension between data and SM

– Separate signal contributions from different modes

SIGNAL PARAMETRIZATION 14. MARCH 14, 2013
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Model-independent presentation
Can’t compare contours directly, b/c there is a different BR for axis
But, BR cancels when considering slope in this plane
‣ mild sensitivity to theory uncertainties (jet veto, ggH+2jet contamination,...)
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>3σ evidence for VBF Higgs production!
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Di-jet Tagged EventDi-jet Tagged Event
Mγγ = 121.9 GeV
E
T
(γ1) = 193.9 GeV

E
T
(γ2) = 78.0 GeV

η(γ1) = -0.405
η(γ2) = 0.037
M
jj
 = 1460 GeV

E
T
(j1) = 288.8 GeV

E
T
(j2) = 189.1 GeV

η(j1) = -2.022
η(j2) = 1.860

Uses of Multivariate Methods

Complex final state of VBF H → WW → llEmiss
T well-suited for multivariate methods

Used 7 variables:
∆ηll, ∆φll, Mll, ∆ηjj, ∆φjj, Mjj, MT

Compared Neural Networks, Genetic Program-
ming, and Support Vector Regression

q

q

W

W

H
W+

W−

ν

l+

l−

ν̄

Ref. Cuts low-mH Cuts NN GP SVR
120 ee 0.87 1.25 1.72 1.66 1.44
120 eµ 2.30 2.97 3.92 3.60 3.33
120 µµ 1.16 1.71 2.28 2.26 2.08
Combined 2.97 3.91 4.98 4.57 4.26
130 eµ 4.94 6.14 7.55 7.22 6.59

Table 1: Expected significance in sigma after 30 fb−1 for two cut analyses and three multivariate analyses for
different Higgs masses and final state topologies.

March 14, 2006

University of Pennsylvania Seminar

Higgs Searches at the LHC:

Challenges, Prospects, and Developments (page 25)

Kyle Cranmer

Brookhaven National Laboratory

VBF 2-photon candidate
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mγγ = 126.9 GeV
Δηjj = 5.6
mjj = 1.67 TeV

About 12 Higgs events expected in VBF-like categories
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VBF H→ 4l candidate
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1 VBF candidate observed (m4l=123.5 GeV)   [0.7 expected, S/B~5]
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It is nevertheless possible to use their ratio to eliminate the dependence on the branching fraction and146

illustrate the relative discriminating power between ggF+tt̄H and VBF+VH, as well as the compatibility147

of the measurements in each channel. The relevant channels have the following proportionality:148

σ(gg→ H) ∗ BR(H→ γγ) ∼ µggF+tt̄H;H→ γγ
σ(qq′ → qq′H) ∗ BR(H→ γγ) ∼ µggF+tt̄H;H→ γγ · µVBF+VH/µggF+tt̄H

σ(gg→ H) ∗ BR(H → ZZ(∗)) ∼ µggF+tt̄H;H→ZZ(∗)

σ(qq′ → qq′H) ∗ BR(H → ZZ(∗)) ∼ µggF+tt̄H;H→ZZ(∗) · µVBF+VH/µggF+tt̄H

σ(gg→ H) ∗ BR(H → WW (∗)) ∼ µggF+tt̄H;H→WW(∗) (3)

σ(qq′ → qq′H) ∗ BR(H → WW (∗)) ∼ µggF+tt̄H;H→WW(∗) · µVBF+VH/µggF+tt̄H

σ(gg→ H) ∗ BR(H → ττ) ∼ µggF+tt̄H;H→ττ
σ(qq′ → qq′H) ∗ BR(H → ττ) ∼ µggF+tt̄H;H→ττ · µVBF+VH/µggF+tt̄H

where µggF+tt̄H;H→XX is defined as149

µggF+tt̄H;H→XX =
σ(ggF) · BR(H → XX)

σSM(ggF) · BRSM(H → XX)
=

σ(tt̄H) · BR(H → XX)
σSM(tt̄H) · BRSM(H → XX)

(4)

and µVBF+VH/µggF+tt̄H is the parameter of interest of the ratio between VBF + VH and ggF + tt̄H scale150

factors.151

The likelihood as a function of the common ratio µVBF+VH/µggF+tt̄H , while profiling over all param-152

eters µggF+tt̄H;H→XX , is shown in Fig. 3 for the H→ γγ, H→ZZ(∗)→ 4$, H→WW (∗)→ $ν$ν and H → ττ153

channels and their combination. For this combination it is only necessary to assume that the same bo-154

son H is responsible for all observed Higgs-like signals and that the separation of gluon fusion like155

events and VBF like events within the individual analyses and based on the kinematic properties of156

events is valid. The measurements in the four channels as well as the observed combined ratio of157

µVBF+VH/µggF+tt̄H = 1.2+0.7
−0.5 are fully compatible with the SM expectation of unity. The p-value3 when158

testing the ratio of µVBF+VH/µggF+tt̄H = 0 is 0.05% corresponding to a significance against the vanish-159

ing vector boson mediated production assumption of 3.3σ. The ratio of µVBF/µggF+tt̄H , where the signal160

strength µVH of the VH Higgs production process is profiled instead of treated together with µVBF, shows161

the same result of µVBF/µggF+tt̄H = 1.2+0.7
−0.5. The p-value for µVBF/µggF+tt̄H = 0 is 0.09% corresponding162

to a significance against the vanishing VBF production assumption of 3.1σ.163

In another approach the dependence on the individual production µi cancels out when taking the ratio164

of µi × BR within the same production mode. This results in a ratio of relative BRs, ρ defined as:165

ργγ/ZZ =
BR(H→ γγ)

BR(H → ZZ(∗))
× BRSM(H → ZZ(∗))

BRSM(H→ γγ) (5)

where the first term is the ratio of branching ratios and the second term rescales this ratio to SM expec-166

tations. The relevant channels have the following proportionality:167

σ(gg→ H) ∗ BR(H→ γγ) ∼ µggF+tt̄H;H→ZZ(∗) · ργγ/ZZ

σ(qq′ → qq′H) ∗ BR(H→ γγ) ∼ µggF+tt̄H;H→ZZ(∗) · µVBF+VH/µggF+tt̄H · ργγ/ZZ

σ(gg→ H) ∗ BR(H → ZZ(∗)) ∼ µggF+tt̄H;H→ZZ(∗) (6)

σ(qq′ → qq′H) ∗ BR(H → ZZ(∗)) ∼ µggF+tt̄H;H→ZZ(∗) · µVBF+VH/µggF+tt̄H

3The p-value and significance are calculated for the test of µVBF+VH/µggF+tt̄H = 0 against the one-sided alternative
µVBF+VH/µggF+tt̄H > 0 using the Profile Likelihood Test Statistic.
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Figure 3: Likelihood curves for the ratio (a) µVBF+VH/µggF+tt̄H and (b) µVBF/µggF+tt̄H for the H→ γγ,
H→ZZ(∗)→ 4", H→WW (∗)→ "ν"ν and H → ττ channels and their combination for a Higgs boson mass
hypothesis of mH = 125.5 GeV. The branching ratios and possible non-SM effects coming from the
branching ratios cancel in µVBF+VH/µggF+tt̄H and µVBF/µggF+tt̄H , hence the different measurements from
all three channels can be compared and combined. For the measurement of µVBF/µggF+tt̄H , the signal
strength µVH is profiled.
The dashed curves show the SM expectation for the combination.

Fig. 4 shows the likelihood as a function of the ratios ρXX/YY , while profiling over the parameters
µggF+tt̄H;H→YY and µVBF+VH/µggF+tt̄H . For the three shown cases, the best fit values are

ργγ/ZZ = 1.1+0.4
−0.3

ργγ/WW = 1.7+0.7
−0.5 (7)

ρZZ/WW = 1.6+0.8
−0.5 ,

in agreement with the SM expectation of one.
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Figure 4: Likelihood curves for the relative ratios of branching ratios (a) ργγ/ZZ , (b) ργγ/WW and (c)
ρZZ/WW from pairwise ratios of the H→ γγ, H→ZZ(∗)→ 4" and H→WW (∗)→ "ν"ν channels for a Higgs
boson mass hypothesis of mH = 125.5 GeV.
The dashed curves show the SM expectation.
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in the SM, the individual channels must separate the signal contribution from various production modes.125

A test of the SM combining multiple decay modes is complicated by the fact that the underlying cou-126

plings between the Higgs and other particles affect both the production and the decay. Furthermore,127

parametrization of these effects is subject to a number of assumptions on the presence or absence of new128

particle states in loop-induced couplings and unobserved decay modes affecting the total width of the129

Higgs boson.130

Since several Higgs boson production modes are available at the LHC, results shown in two dimen-131

sional plots require either some µi to be fixed or several µi to be related. No direct tt̄H production has132

been observed yet, hence the strength factor µggF for gluon fusion production (ggF) and the very small133

contribution of µttH have been grouped together as they scale dominantly with the ttH coupling in the134

SM and are denoted by the common parameter µggF+tt̄H . Similarly, µVBF and µVH have been grouped135

together as they scale with the WH/ZH gauge coupling in the SM and are denoted by the common136

parameter µVBF+VH . The resulting contours for the H→ γγ, H→ZZ(∗)→ 4" and H → ττ channels at137

mH=125.5 GeV are shown in Fig. 2.138
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Figure 2: Likelihood contours for the H→ γγ, H→ZZ(∗)→ 4", H→WW (∗)→ "ν"ν and H → ττ channels
in the (µggF+tt̄H , µVBF+VH) plane for a Higgs boson mass hypothesis of mH = 125.5 GeV. Both µggF+tt̄H
and µVBF+VH are modified by the branching ratio factor B/BSM, which can be different for all final states.
The quantity µggF+tt̄H (µVBF+VH) is a common scale factor for the gluon fusion and tt̄H (VBF and VH)
production cross sections. The best fit to the data (×) and 68% (full) and 95% (dashed) CL contours are
also indicated, as well as the SM expectation (+).

The factors µi are not constrained to be positive in order to illustrate a deficit of events from the139

corresponding production process. As described in Ref. [12], while the signal strengths may be negative,140

the total probability density function must remain positive everywhere, and hence the total number of141

expected signal+background events has to be positive everywhere. This restriction is responsible for142

the sharp cutoff in the H→ZZ(∗)→ 4" contour. It should be noted that each contour refers to a different143

branching fraction B/BSM, hence a direct combination of the contours from different final states is not144

possible.145
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Figure 3: Likelihood curves for the ratio (a) µVBF+VH/µggF+tt̄H and (b) µVBF/µggF+tt̄H for the H→ γγ,
H→ZZ(∗)→ 4", H→WW (∗)→ "ν"ν and H → ττ channels and their combination for a Higgs boson mass
hypothesis of mH = 125.5 GeV. The branching ratios and possible non-SM effects coming from the
branching ratios cancel in µVBF+VH/µggF+tt̄H and µVBF/µggF+tt̄H , hence the different measurements from
all three channels can be compared and combined. For the measurement of µVBF/µggF+tt̄H , the signal
strength µVH is profiled.
The dashed curves show the SM expectation for the combination.

Fig. 4 shows the likelihood as a function of the ratios ρXX/YY , while profiling over the parameters
µggF+tt̄H;H→YY and µVBF+VH/µggF+tt̄H . For the three shown cases, the best fit values are

ργγ/ZZ = 1.1+0.4
−0.3

ργγ/WW = 1.7+0.7
−0.5 (7)

ρZZ/WW = 1.6+0.8
−0.5 ,

in agreement with the SM expectation of one.
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Figure 4: Likelihood curves for the relative ratios of branching ratios (a) ργγ/ZZ , (b) ργγ/WW and (c)
ρZZ/WW from pairwise ratios of the H→ γγ, H→ZZ(∗)→ 4" and H→WW (∗)→ "ν"ν channels for a Higgs
boson mass hypothesis of mH = 125.5 GeV.
The dashed curves show the SM expectation.
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VH status 
VH production not yet firmly established

‣ Channels:  
● H→ γγ: simple lepton tag, few events
● H→ bb: complicated analyses

‣ Sensitivity at ~2x SM rate
ATLAS & CMS both see a convincing diboson 
peak in H→ bb with slight Higgs-like excess

‣ evidence for VH at Tevatron
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Higgs results
7TeV

2� deficit in 7TeV data

Observed in previous analysis
8TeV
⇠ 1� excess in 8TeV data

Combination
Result is a very small excess

�H = 0.2±0.5(stat)±0.4(syst)
Compatible with both �= 0 and
�= 1

Observed limit 1.4�SM, 1.3
expected in absence of signal
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Results
Only general overview here. Detailed results in next talk.

Fit using profile likelihood
All systematics treated as nuisance
parameters in the fit

Background normalizations: floated or
treated as additional nuisance parameters

Postfit MC - data agreement obtained in the
26 SR and 31 CR

Observation of diboson peak
Extensive validation of modelling and fit:
WZ+ZZ as signal

Diboson peak observed with 4.8�,
�/�SM = 0.9±0.2

Higgs search
Very small excess
�H = 0.2±0.5(stat)±0.4(syst)
Observed limit 1.4�SM, 1.3 expected in
absence of signal
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Signal strength
0 1 2 3 4 5 6

ATLAS
2011-2012

 = 126.8 GeVHm

-1Ldt = 4.8 fb0 = 7 TeV s

-1Ldt = 20.7 fb0 = 8 TeV s

Total

Stat.

Syst.

µ

ggH+ttH
µ

VBF
µ

VH
µ

ResultsResults

♦ Compute limits and p-values using 
full CL

s
 frequentist calculation

♦ Find broad excess for 120+ GeV

♦ Expected limit (125 GeV):  0.95*SM

♦ Observed limit (125 GeV):  1.89*SM

22

♦ Expected signif. 
(125 GeV):  2.1 σ

♦ Observed signif. 
(125 GeV):  2.1 σ

♦ Find similar signal 
strength in all 
modes @ 125 GeV

μ ≈ 1.0 ± 0.5

H→ γγ @ ATLAS H→bb @ ATLAS H→bb @ CMS
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Our SM bias?
ATLAS does not have a Z(→ νν) H(→4l) b/c sensitivity in SM is small
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m4l=123.5 GeV, ETmiss=121.3 GeV
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Couplings
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Narrow width approximation
The basic starting point for the various parametrizations :

No useful direct constraint on total width at LHC
‣ ideally, allow for invisible or undetected partial widths
‣ leads to an ambiguity unless something breaks degeneracy

Various strategies / assumptions break this degeneracy
‣ Assume no invisible decays
‣ Fix some coupling to SM rate
‣ Only measure ratios of couplings
‣ Limit 

● valid for CP-conserving H, no H++, ...
● together with 
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2 Summary of Higgs boson channels

In order to determine the properties of a physical state such as a Higgs boson, one needs at
least as many separate measurements as properties to be measured, although two or more
measurements can be made from the same channel if different information is used, e.g., total
rate and an angular distribution. Fortunately, the LHC will provide us with many different
Higgs observation channels. In the SM there are four relevant production modes: gluon fusion
(GF; loop-mediated, dominated by the top quark), which dominates inclusive production;
weak boson fusion (WBF), which has an additional pair of hard and far-forward/backward
jets in the final state; top-quark associated production (tt̄H); and weak boson associated
production (WH, ZH), where the weak boson is identified by its leptonic decay. 1

Although a Higgs is expected to couple to all SM particles, not all these decays would be
observable. Very rare decays (e.g., to electrons) would have no observable rate, and other
modes are unidentifiable QCD final states in a hadron collider environment (gluons or quarks
lighter than bottom). In general, however, the LHC will be able to observe Higgs decays
to photons, weak bosons, tau leptons and b quarks, in the range of Higgs masses where the
branching ratio (BR) in question is not too small.

For a Higgs in the intermediate mass range, the total width, Γ, is expected to be small
enough to use the narrow-width approximation in extracting couplings. The rate of any
channel (with the H decaying to final state particles xx) is, to good approximation, given
by

σ(H) × BR(H → xx) =
σ(H)SM

ΓSM
p

·
ΓpΓx

Γ
, (1)

where Γp is the Higgs partial width involving the production couplings and where the Higgs
branching ratio for the decay is written as BR(H → xx) = Γx/Γ. Even with cuts, the
observed rate directly determines the product ΓpΓx/Γ (normalized to the calculable SM value
of this product). The LHC will have access to (or provide upper limits on) combinations of
Γg, ΓW , ΓZ , Γγ , Γτ , Γb and the square of the top Yukawa coupling, Yt. 2

Since experimental analyses are driven by the final state observed, we classify Higgs
channels by decay rather than production mode, and then discuss the different production
characteristics as variants of the final state. However, some initial comments on production
modes are in order. First, experimental studies mostly do not yet include the very large
(N)NLO enhancements known for gg → H [9–11]. Even if background corrections are
as large as for the signal, which they typically are not, the statistical significance of the
GF channels will be greater than estimated by the current studies (which we have used
for this paper). Furthermore, the NNLO calculations may reduce also the theory systematic
uncertainty for the signal. Second, experimental studies do not consider WBF channels above
30 fb−1 integrated luminosity, because the efficiency to tag forward jets at high-luminosity
LHC running is not yet fully understood. This is a very conservative assumption. We also
discuss a scenario where a higher luminosity is available in the WBF channels.

The literature on Higgs channels at LHC is extensive. We refer here only those analyses
which we use in our fits. Mostly, these are recent experimental analyses which contain

1We do not consider diffractive Higgs production since its rate is in general small and also quite uncertain,
which limits the usefulness of this channel for Higgs coupling determinations.

2We do not write this as a partial width, Γt, because, for a light Higgs, the decay H → tt̄ is kinematically
forbidden.

2

bottom quarks. Here we follow a different approach. We perform general fits to the Higgs
couplings with the mildest possible theoretical assumptions, starting with the constraint

ΓV ≤ ΓSM
V (2)

(V = W, Z) which is justified in any model with an arbitrary number of Higgs doublets (with
or without additional Higgs singlets). I.e., it is true for the MSSM in particular.

Even without this constraint, the mere observation of Higgs production puts a lower
bound on the production couplings and, thereby, on the total Higgs width. The constraint
ΓV ≤ ΓSM

V , combined with a measurement of Γ2
V /Γ from observation of H → V V in WBF,

then puts an upper bound on the Higgs total width, Γ. It is this interplay which provides
powerful constraints on the remaining Higgs couplings, allowing for their absolute determi-
nation, rather than simply ratios of their magnitudes.

3.1 Fitting procedure

Our analysis of expected LHC accuracies closely follows the work of Dührssen [7]. First, a
parameter space (x) is formed of Higgs couplings together with additional partial widths to
allow for undetected Higgs decays and additional contributions to the loop-induced Higgs
couplings to photon pairs or gluon pairs due to non-SM particles running in the loops. We
assume that the measured values correspond to the SM expectations for the purpose of
determining statistical uncertainties, then form a log likelihood function, L(x), which, for a
given integrated luminosity, is based on the expected Poisson errors of the channels listed in
Sec. 2 and on estimated systematic errors [7], which are tabulated in the Appendix.

As an alternative, in particular for the specific MSSM scenarios discussed in Sec. 4, we
use a Gaussian approximation to the log likelihood function, i.e., a χ2 function constructed
from the same error assumptions that enter the log likelihood function. We take each of the
channels considered in Ref. [7] as a bin in the χ2. To mimic the effect of Poisson statistics on
channels with low numbers of events, we discard any channel with ≤ 5 total events (signal
plus background) in both approaches. This is relevant only in the case of low luminosity
data. We have checked that the resulting accuracy estimates for coupling measurements are
consistent for the two approaches.

Relative to SM expectations, we compute the variation of either 2L(x) or χ2(x) on this
parameter space and trace out the surface of variations by one unit. The 1σ uncertainties on
each parameter are determined by finding the maximum deviation of that parameter from
its SM value that lies on the ∆χ2 = 1 (∆L = 1/2) surface. We repeat the procedure for
each Higgs mass value in the range 110 ≤ mH ≤ 190 GeV in steps of 10 GeV.

We perform the fits under three luminosity assumptions for the LHC:

1. 30 fb−1 at each of two experiments, denoted 2×30 fb−1;

2. 300 fb−1 at each of two experiments, of which only 100 fb−1 is usable for WBF channels
at each experiment, denoted 2×300 + 2×100 fb−1;

3. 300 fb−1 at each of two experiments, with the full luminosity usable for WBF channels,
denoted 2×300 fb−1.

The second case allows for possible significant degradation of the WBF channels in a high
luminosity environment, while the third case shows the benefits of additional improvements
in WBF studies at high luminosity.

6

�2
V /� = meas ) �vis  �  �2

V,SM/meas

Gunion, Haber, Wudka (1991)

eg. Dührssen et. al, Peskin, ...
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Approach: scale couplings w.r.t. SM values by factor κ
‣ Expansion around SM point with state-of-the-art predictions

Option 1) relate ggH and γγH assuming no new particles in loop

Option 2) introduce κg and κγ as effective coupling to ggH and γγH 
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Parametrizing the couplings
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Benchmark models
Fully model independent fit is not very informative with current data

‣ Benchmarks proposed by joint theory/experiment LHC XS group

Probe Fermionic vs. Bosonic couplings:
‣ relevant for Type I 2HDM

Probe W vs. Z couplings (custodial symmetry)

Probe up. vs. down fermion couplings

Probe quark vs. lepton couplings

Probe new particles in ggH and γγH loops

Probe invisible decays

31

where the values and uncertainties for both σSM(gg → H) and BRSM(H → γγ) are taken from Refs. [23,

24, 26] for a given Higgs boson mass hypothesis.

The simplest model assumes that all couplings are modified by a single scaling parameter κ. In this

case the fit to the data yields a value of

κ = 1.19 ± 0.11 (stat) ± 0.03 (syst) ± 0.06 (theory)

corresponding to the square root of the global signal strength µ shown in Figure 1.

More refined benchmark models to probe the couplings of the observed Higgs-like particle have been

elaborated in Ref. [3], and references therein, to address specific questions on its nature, under various

assumptions. These assumptions will change depending on the question being discussed.

In the forthcoming subsections the following fundamental questions related to the coupling properties

are addressed. The relative couplings to fermions and bosons are tested in Section 6.1, assuming two

common scale factor for these two sectors. The ratio of couplings to W and Z bosons, related to the

custodial symmetry, is discussed in Section 6.2.1 . The ratio of down to up quark type couplings, that is

very interesting for several extensions of the SM, is discussed in Section 6.2.2. The ratio of couplings to

the lepton and quark sectors is given in Section 6.2.3. The possible effect of beyond SM particles on the

indirect coupling to gluons and photons, that in the SM proceeds via loops and therefore is particularly

sensitive the new physics, is given in Section 6.3.

The main results discussed herein are compared with the results expected from the presence of a

mH=126 GeV Standard Model Higgs boson in the Appendix.

6.1 Couplings to Fermions and Vector Gauge Bosons

This benchmark is an extension of the single parameter µ fit, where a different strength for the fermion

and vector coupling is probed. It assumes that only SM particles contribute to the H→ γγ and gg → H

vertex loops. The fit is performed in two variants, with and without the assumption that the total width of

the Higgs boson is given by the sum of the known SM Higgs boson decay modes (modified in strength

by the appropriate fermion and vector coupling scale factors).

6.1.1 Assuming only SM particles contribute to the total width

The fit parameters are the coupling scale factors κF for all fermions and κV for all vector couplings:

κF = κt = κb = κτ (22)

κV = κW = κZ (23)

Figure 4(a) shows the result of the fit to this benchmark. Only the relative sign between κF and κV

is physical and some sensitivity to this sign is gained from the negative interference between the W-loop

and t-loop in the H→ γγ decay. The fit gives a small preference to the local minimum close the SM

point. The likelihood as a function of κF when κV is profiled and as a function of κV when κF is profiled

is illustrated in Figure 5(a) and Figure 5(b) respectively. Figure 5(a) shows in particular to what extent

the sign degeneracy is resolved.

The 68% CL intervals of κF and κV when profiling over all other parameters are:

κF ∈ [−1.0,−0.7] ∪ [0.7, 1.3] (24)

κV ∈ [0.9, 1.0] ∪ [1.1, 1.3] (25)

These intervals combine all experimental and theoretical systematic uncertainties. The 95% confidence

intervals are

κF ∈ [−1.5,−0.5] ∪ [0.5, 1.7] (26)

κV ∈ [0.7, 1.4] (27)

8
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Example Coupling results
Here, evidence for fermion couplings is indirect
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7.4.3. Constraints on production and decay loops
Many BSM physics scenarios predict the existence

of new heavy particles, which can contribute to loop-
induced processes such as gg → H production and
H → γγ decay. In the approach used here (benchmark
model 5 in Table 10), it is assumed that the new parti-
cles do not contribute to the Higgs boson width and that
the couplings of the known particles to the Higgs boson
have SM strength (i.e. κi=1). Effective scale factors κg
and κγ are introduced to parameterise the gg → H and
H → γγ loops. The results of their measurements from
a fit to the data are shown in Fig. 12. The best-fit values
when profiling over the other parameters are:

κg = 1.04 ± 0.14 (14)
κγ = 1.20 ± 0.15 (15)

The two-dimensional compatibility of the SM predic-
tion with the best-fit value is 14%.

γκ
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g
κ

0.6
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1
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1.4
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Best fit
68% CL
95% CL

-1Ldt = 20.7 fb∫ = 8 TeV s

-1Ldt = 4.6-4.8 fb∫ = 7 TeV s

, ZZ*, WW*γγ→Combined H

ATLAS

Figure 12: Likelihood contours for the coupling scale factors κγ and κg
probing BSM contributions to the H → γγ and gg→ H loops, assum-
ing no BSM contributions to the total Higgs boson width (benchmark
model 5 in Table 10). The best-fit result (×) and the SM expecta-
tion (+) are also indicated.

7.4.4. Summary
The results of the measurements of the coupling scale

factors discussed in the previous sections, obtained un-
der the assumptions detailed in Section 7.4 and Ta-
ble 10, are summmarised in Fig. 13. The measurements
in the various benchmark models are strongly corre-
lated, as they are obtained from fits to the same exper-
imental data. A simple χ2-like compatibility test with
the SM is therefore not meaningful.
The coupling of the new particle to gauge bosons κV

is constrained by several channels, directly and indi-
rectly, at the ±10% level. Couplings to fermions with
a significance larger than 5σ are indirectly observed

mainly through the gluon-fusion production process, as-
suming the loop is dominated by fermion exchange. The
ratio of the relative couplings of the Higgs boson to the
W and Z bosons, κW/κZ , is measured to be consistent
with unity, as predicted by custodial symmetry. Under
the hypothesis that all couplings of the Higgs boson to
the known particles are fixed to their SM values, and as-
suming no BSM contributions to the Higgs boson width,
no significant anomalous contributions to the gg → H
and H → γγ loops are observed.

Parameter value
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Figure 13: Summary of the measurements of the coupling scale fac-
tors for a Higgs boson with mass mH=125.5 GeV. The best-fit values
are represented by the solid vertical lines, with the ±1σ and ±2σ un-
certainties given by the dark- and light-shaded band, respectively. For
a more complete illustration, the distributions of the likelihood ra-
tios from which the total uncertainties are extracted are overlaid. The
measurements in the various benchmark models, separated by double
horizontal lines, are strongly correlated.

8. Conclusions

Data recorded by the ATLAS experiment at the
CERN Large Hadron Collider in 2011 and 2012, cor-
responding to an integrated luminosity of up to 25 fb−1
at
√
s = 7 TeV and

√
s = 8 TeV, have been analysed

to determine several properties of the recently discov-
ered Higgs boson using the H → γγ, H→ ZZ∗→ 4% and
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where the values and uncertainties for both σSM(gg → H) and BRSM(H → γγ) are taken from Refs. [23,

24, 26] for a given Higgs boson mass hypothesis.

The simplest model assumes that all couplings are modified by a single scaling parameter κ. In this

case the fit to the data yields a value of

κ = 1.19 ± 0.11 (stat) ± 0.03 (syst) ± 0.06 (theory)

corresponding to the square root of the global signal strength µ shown in Figure 1.

More refined benchmark models to probe the couplings of the observed Higgs-like particle have been

elaborated in Ref. [3], and references therein, to address specific questions on its nature, under various

assumptions. These assumptions will change depending on the question being discussed.

In the forthcoming subsections the following fundamental questions related to the coupling properties

are addressed. The relative couplings to fermions and bosons are tested in Section 6.1, assuming two

common scale factor for these two sectors. The ratio of couplings to W and Z bosons, related to the

custodial symmetry, is discussed in Section 6.2.1 . The ratio of down to up quark type couplings, that is

very interesting for several extensions of the SM, is discussed in Section 6.2.2. The ratio of couplings to

the lepton and quark sectors is given in Section 6.2.3. The possible effect of beyond SM particles on the

indirect coupling to gluons and photons, that in the SM proceeds via loops and therefore is particularly

sensitive the new physics, is given in Section 6.3.

The main results discussed herein are compared with the results expected from the presence of a

mH=126 GeV Standard Model Higgs boson in the Appendix.

6.1 Couplings to Fermions and Vector Gauge Bosons

This benchmark is an extension of the single parameter µ fit, where a different strength for the fermion

and vector coupling is probed. It assumes that only SM particles contribute to the H→ γγ and gg → H

vertex loops. The fit is performed in two variants, with and without the assumption that the total width of

the Higgs boson is given by the sum of the known SM Higgs boson decay modes (modified in strength

by the appropriate fermion and vector coupling scale factors).

6.1.1 Assuming only SM particles contribute to the total width

The fit parameters are the coupling scale factors κF for all fermions and κV for all vector couplings:

κF = κt = κb = κτ (22)

κV = κW = κZ (23)

Figure 4(a) shows the result of the fit to this benchmark. Only the relative sign between κF and κV

is physical and some sensitivity to this sign is gained from the negative interference between the W-loop

and t-loop in the H→ γγ decay. The fit gives a small preference to the local minimum close the SM

point. The likelihood as a function of κF when κV is profiled and as a function of κV when κF is profiled

is illustrated in Figure 5(a) and Figure 5(b) respectively. Figure 5(a) shows in particular to what extent

the sign degeneracy is resolved.

The 68% CL intervals of κF and κV when profiling over all other parameters are:

κF ∈ [−1.0,−0.7] ∪ [0.7, 1.3] (24)

κV ∈ [0.9, 1.0] ∪ [1.1, 1.3] (25)

These intervals combine all experimental and theoretical systematic uncertainties. The 95% confidence

intervals are

κF ∈ [−1.5,−0.5] ∪ [0.5, 1.7] (26)

κV ∈ [0.7, 1.4] (27)
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Results from various fits
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Coupling Summary

Several Constraints @ 95% CL

Nicholas Wardle - Imperial College London , On Behalf of the CMS Collaboration 25
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Statistical Analysis

• Use LLR as a test statistic: LLR = −2 log(H1

H0
)

• H0 = 0++background
• H1 = 2++background

• Do computation under two different assumptions:
• σ×BR = 1.0 SM
• σ×BR = 1.23 SM (best cross section fit value)
• µ = σ

σSM
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Tevatron results
Tevatron is mainly sensitive to VH production
‣ sees evidence for H→ bb
‣ High H→γγ affects best-fit fermion coupling
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• (κW , κZ) = (1.25, ±0.90)

• (κf , κV ) = (1.05, -2.04)
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Best Fit Cross Section
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Higgs Decay Mode (σ×BR)
(σ×BR)SM

Combined 1.40+0.92
−0.88

H → γγ 4.20+4.60
−4.20

H → W+W− 1.90+1.63
−1.52

H → τ+τ− 3.96+4.11
−3.38

H → bb̄ 1.23+1.24
−1.17

Higgs Decay Mode (σ×BR)
(σ×BR)SM

Combined 1.44+0.59
−0.56

H → γγ 5.97+3.39
−3.12

H → W+W− 0.94+0.85
−0.83

H → τ+τ− 1.68+2.28
−1.68

H → bb̄ 1.59+0.69
−0.72
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Searches for Additional Standard Model Signals
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SM Production modes: ttH
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Figure 7: The observed and expected 95% CL upper limits on the signal strength parameter
µ = s/sSM for the combination of lepton + jets, dilepton, tau and gg channels using the 2012
dataset at 8 TeV and the lepton + jets and dilepton channels using the 2011 dataset at 7 TeV.
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Figure 8: The observed and expected 95% CL upper limits (left) and the best-fit value (right) of
µ = s/sSM for the lepton + jets, dilepton, tau and gg channels separately from the 2012 8 TeV
dataset, the combination of the lepton + jets and dilepton channels from the 2011 7 TeV dataset,
and the combination of all of the channels, for mH = 125 GeV.

Table 5: Observed and expected 95% CL limits on the tt̄H production cross section times H → γγ
branching ratio relative to the SM expectation at mH = 126.8 GeV.

Observed limit Expected limit +2σ +1σ -1σ -2σ

Combined (with systematics) 5.3 6.4 16.2 9.9 4.6 3.4

Combined (statistics only) 5.0 6.0 13.5 8.9 4.3 3.2

Leptonic (with systematics) 9.0 8.4 21.9 13.2 6.1 4.5

Leptonic (statistics only) 8.5 8.0 18.8 12.1 5.7 4.3

Hadronic (with systematics) 8.4 13.6 36.4 21.6 9.8 7.3

Hadronic (statistics only) 7.9 12.6 29.1 18.9 9.1 6.8

Table 6: Observed and expected 95% CL limits on the inclusive Higgs boson production cross section

times H → γγ branching ratio relative to the SM expectation at mH = 126.8 GeV with the tt̄H-specific

selections.

Observed limit Expected limit +2σ +1σ -1σ -2σ

Combined (with systematics) 4.7 5.4 13.7 8.4 3.9 2.9

Combined (statistics only) 4.4 5.0 11.4 7.5 3.6 2.7

Leptonic (with systematics) 7.6 6.9 17.9 10.8 4.9 3.7

Leptonic (statistics only) 7.1 6.4 15.3 9.8 4.6 3.5

Hadronic (with systematics) 7.7 12.5 34.0 19.9 9.0 6.7

Hadronic (statistics only) 7.2 11.4 26.4 17.2 8.2 6.1
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Figure 3: Observed and expected 95% CL upper limits on the tt̄H production cross section (a) and

inclusive Higgs boson production cross section (b) times the H → γγ branching ratio divided by the

SM expectations as a function of the Higgs boson mass, combining the results of the tt̄H leptonic and

hadronic channels. For the tt̄H limits, the contributions from all other Higgs boson production modes

were set to the SM prediction taking into account their respective uncertainties.
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ttH production not yet firmly established
‣ Channels:  

● H→ γγ: clean tag, few events
● H→ ττ, bb: complicated analyses

‣ Sensitivity at ~few x SM rate
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Results

• KďƐĞƌǀĞĚ�;ĞǆƉĞĐƚĞĚͿ�ƐŝŐŶŝĮĐĂŶĐĞ�Ăƚ�ϭϮϱ�GeV: Ϭ͘ϴϵʍ�(Ϭ͘ϭϰʍ)

• DĂǆŝŵƵŵ�ƐŝŐŶŝĮĐĂŶĐĞ�Ăƚ�ϭϰϭ�GeV͗�ϭ͘ϳʍ
• Observed (expected) upper limit at 125 GeV: 18.2xSM (13.5xSM)

2013/8/16 F Wang, UW-Madison 20

Local Significance 95% CL limit

4 4 Event classes
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Figure 1: The m``g spectrum in the electron and the muon channels for the 7 and 8 TeV data
combined. Also shown is the expected signal due to a 125 GeV standard model Higgs boson,
scaled by 75, and the sum of the individual fits made to the data for each channel and event
class. The uncertainty band reflects the statistical uncertainty from the fits to the data.

does not convert into an e+e� pair have less background and better resolution in mH. For these
reasons, the events are classified according to the pseudorapidity of the leptons, the pseudo-
rapidity of the photon and the shower shape of the photon for events with the two leptons in
the barrel. The shower shape of the photon (R9) is characterized by the energy sum of 3 ⇥ 3
crystals centered on the most energetic crystal in the supercluster divided by the energy of the
supercluster. A requirement of a high value of R9 > 0.94 is used to identify unconverted pho-
tons. Using this information, the four untagged event classes are defined as shown in Table 2.
In these four event classes, the best signal-to-background ratio is obtained for the event class 1,
which is composed of events with both leptons and the photon in the barrel and high R9.

It is possible to define an additional class of events with an expected signal-to-background
ratio that is more than an order of magnitude larger than events in the four untagged classes
defined above. This is achieved by requiring two forward jets with large rapidity separation,
to enhance the selection of Higgs bosons produced via vector boson fusion (VBF). The dijet tag
requirements are: (i) the difference in pseudorapidity between the two jets is greater than 3.5;
(ii) the Zeppenfeld variable [21] hZg � (hj1 + hj2)/2 is less than 2.5; (iii) the dijet mass is greater
than 500 GeV; and (iv) the difference in azimuthal angles between the dijet system and the Zg
system is greater than 2.4. The dijet selected events form an exclusive event class. A 10–15%
increase in sensitivity is obtained by adding this event class. As shown in Table 2, around 2%
of the expected signal events for a 125 GeV Higgs boson belong to this event class, while less
than 0.2% of the background satisfies the dijet requirements.
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H→ττ
H→ττ analyses are challenging and 
complicated
‣ sensitivity in ATLAS still a few xSM
‣ mild 1.7σ excess
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H→ττ strategy
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Select events with well-
identified τh,ℓ, and 

categorize the events by 
jet multiplicity and pT(H).

Add topological cuts to 
reduce background 

contamination.

Extract signal with 
maximum likelihood fit 

of m(ττ).
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Figure 10: MMC mass distributions of the selected events in the Boosted and VBF categories of the
H ! ⌧lep⌧had channel for the 8 TeV analysis. The selected events in data are shown together with
the predicted Higgs boson signal (mH = 125 GeV) stacked above the background contributions. For
illustration only, the signal contributions in the Boosted category have been scaled by a factor 5. The last
bin in the histograms contains the overflow.
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Number of categories (25 total)Number of categories (25 total)Number of categories (25 total)Number of categories (25 total)

τℓτh τhτh τℓτℓ
2011 6 2 5
2012 6 2 4
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Figure 15: Observed (solid) and expected (dashed) 95% confidence level upper limits on the Higgs boson
cross-section times branching ratio, normalised to the SM expectation, as a function of the Higgs boson
mass. Expected limits are given for the scenario with no signal. The bands around the dashed line
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µ=1 at the mass in question. The dotted line shows the expected p0 calculated for the case when a SM
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Full H→ττ combination

1.7σ expected, 1.1σ observed
local significance for mH = 125 GeV
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1.2×SM expected, 1.9×SM observed 
95% CL limit for mH = 125 GeV
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Unfolded differential cross section in H→γγ
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Raw Yields

Binned Signal 
Extraction

Correction Factors

Transverse Momentum of the Higgs Boson

I Sensitive to QCD; theoretical
interest is in resummation at
low-p��T .

I Harder spectrum, but consistent
within uncertainties.

I Comparison to NLO POWHEG
and NNLO+NNLL HRes1.0.

POWHEG HRes1.0

�2 p-value 0.55 0.39
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Using All Correlat
ions!

Using All Correlat
ions!

Partial Cross Sections, by Number of Jets

I Quite consistent, allowing for
normalization (µ = 1.57).

I Scale variations fail, because order
changes for each bin.

I Tests Pythia parton shower!
I For SM comparison, use ‘standard’

LHC recommendations. =)

(w/ Scale Vars.) POWHEG MINLO

�2 p-value 0.54 0.44
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Partial Cross Section
with Stewart-Tackmann/MCFM Errors
(more conservative, for SM comparisons.)
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Angular Separation of the Two Leading Jets

I Sensitive to spin and CP (with
more data).

I Is the �'jj ⇡ ⇡ bin pileup?
1. Low/high pileup samples:

consistent.
2. Pileup unc. is ⇠4%.
3. Higgs + dijet DPI is ⇠1%.

POWHEG MINLO

�2 p-value 0.42 0.45

jj
φΔ Particle level 

  [
fb

]
φ

Δ
 / 

d
fid

σd

0

2

4

6

8

10

12
  PreliminaryATLAS

 = 8 TeVs, γγ→H

∫ -1 dt = 20.3 fbL

data syst. unc.

HX) + 8YP+OWHEGP   NLO+PS (H→gg

HX) + 8YPHJ+INLO M+1j NLO+PS (H→gg

Htt + VH  =  VBF + HX

jj
φΔ Particle level 

0 0.5 1 1.5 2 2.5 3

O
W

HE
G

Ra
tio

 to
 P

0

5

Unfolded Di↵erential Cross Section

Saxon (UPenn) Di↵erential Cross Section in H ! �� August 13, 2013 18 / 21



Kyle Cranmer (NYU)

Center for 
Cosmology and 
Particle Physics

DPF, Santa Cruz, August 2013

γκ

0.9 1 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8

g
κ

0.6
0.8

1

1.2
1.4

1.6

1.8
2

2.2 SM
Best fit
68% CL
95% CL

-1Ldt = 13-20.7 fb∫ = 8 TeV, s

-1Ldt = 4.6-4.8 fb∫ = 7 TeV, s
ATLAS Preliminary

(a)

γκ

0.6 0.8 1 1.2 1.4 1.6

) γ
κ(

Λ
-2

 ln
 

0
1
2
3
4
5
6
7
8
9

10
]gκ,γκ[

Observed
SM expected-1Ldt = 13-20.7 fb∫ = 8 TeV, s

-1Ldt = 4.6-4.8 fb∫ = 7 TeV, s
ATLAS Preliminary

(b)

gκ

0.6 0.8 1 1.2 1.4

) g
κ(

Λ
-2

 ln
 

0
1
2
3
4
5
6
7
8
9

10
]gκ,γκ[

Observed
SM expected-1Ldt = 13-20.7 fb∫ = 8 TeV, s

-1Ldt = 4.6-4.8 fb∫ = 7 TeV, s
ATLAS Preliminary

(c)

Figure 10: Fits for benchmark models described in Equation (44) probing contributions from non-SM
particles in the H→ γγ and gg → H loops, assuming no sizeable extra contributions to the total width:
(a) correlation of the coupling scale factors κγ and κg; (b) coupling scale factor κγ (κg is profiled);
(c) coupling scale factor κg (κγ is profiled). The dashed curves in (b) and (c) show the SM expectation.
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(c)

Figure 11: Fits for benchmark models described in Equations (47,48) probing contributions from non-
SM particles in the H→ γγ and gg → H loops, while allowing for potential extra contributions to the
total width: (a) branching fraction Bi,u = BRinv.,undet. to invisible or undetectable decay modes (κγ and κg
are profiled); (b) coupling scale factor κγ (κg and BRinv.,undet. are profiled); (c) coupling scale factor κg
(κγ and BRinv.,undet. are profiled). The dashed curves show the SM expectation.
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Probing undetected decays

Here total width modified by:
‣ uses effective coupling for ggH and γγH loops
‣ everything else is SM-like (namely VBF production)

Disfavors large BR to invisible 

41
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Figure 7: Fits for benchmark models probing for contributions from non-SM particles: (a) Probing only

the gg → H and H→ γγ loops, assuming no sizable extra contribution to the total width; (b) Probing in

addition to (a) for a possible invisible or undetectable branching ratio BRinv.,undet..

6.3.1 Assuming only SM particles contributing to the total width

A fit is shown in Figure 7(a) which assumes that there are no sizeable extra contributions to the total

width caused by the non-SM particles. The free parameters are κg and κγ .

Figure 7(a) shows the 68% and 95% CL contours for the two parameters. The best fit values and

uncertainties when profiling over the other parameter are

κg = 1.1+0.2
−0.3 (48)

κγ = 1.2+0.3
−0.2 (49)

at 68% CL. When removing the theoretical systematic uncertainties on the measurements of κg and κγ ,

the uncertainty is reduced by O(15 %). It is further reduced by O(5%) when removing the experimental

systematic uncertainties. The compatibility of the SM hypothesis (2D) with the best fit point is 18%.

6.3.2 No assumption on the total width

By constraining some of the factors to be equal to their SM values, it is possible to probe for new non-SM

decay modes that might appear as invisible or undetectable final states. The free parameters are κg, κγ

and BRinv.,undet.. In this model the modification to the total width is parametrized as follows:

ΓH =
κ2

H(κi)

(1 − BRinv.,undet.)
ΓSM

H (50)

Figure 7(b) shows the likelihood as a function of BRinv.,undet. when κg and κγ are profiled. The

best fit values and uncertainties, and confidence level interval at 68% CL when profiling over the other

parameters are

κg = 1.1+1.4
−0.2 (51)

κγ = 1.2+0.3
−0.2 (52)

BRinv.,undet. < 0.68 (53)

The 95% confidence level interval on the invisible or undetectable branching fraction is BRinv.,undet. <

0.84. The 68% CL interval for the invisible or undetectable branching fraction without theory systematic

14

As BR(inv) increases, κg must increase
As κg → ∞ B(gg)→ B(gg)SM ~10%
Thus BR(inv) < 1-B(gg)SM

24 4 Results
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Figure 15: The 2D likelihood scan for kg and kg parameters, assuming that GBSM = 0, i.e. no
new Higgs boson decay modes are open. The cross indicates the best-fit values. The solid,
dashed and dotted contours show the 68%, 95% and 99.7% CL ranges, respectively. The yellow
diamond shows the SM point (kg, kg) = (1, 1). The partial widths associated with the tree-level
production processes and decay modes are assumed to be unaltered (k = 1).
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Figure 16: (Left) The likelihood scan versus BRBSM = GBSM/Gtot. The solid curve is the data and
the dashed line indicates the expected median results in the presence of the SM Higgs boson.
The partial widths associated with the tree-level production processes and decay modes are
assumed to be unaltered (k = 1). (Right) Correlation between kg and BRBSM. The solid, dashed
and dotted contours show the 68%, 95% and 99.7% CL ranges, respectively.
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Invisible decays
ATLAS & CMS directly probing 
invisible decays with associated 
production

42

Experimental Apparatus Intro To Invisible Higgs Boson Samples and Modeling The Search Strategy Uncertainties Results Conclusion References

Limit Results

Limits on Invisible Higgs Decay
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I Upper limit on BR(H ! invisible)
I Assume SM production rate

I Use modified frequentist
construction CLs

I Use Shape of Transverse Mass of
Z and H

I For Higgs with mH = 125 GeV
I Observed 95% C.L. upper limit

75%
I Expected 95% C.L. upper limit

91%

mH (GeV) 105 115 125 135 145
Obs Lim(%) 60 63 75 82 85
Exp Lim(%) 73 79 91 97 105

The Search for Invisible Higgs Boson Production, With the CMS Detector at the LHC 22/25

Experimental Apparatus Intro To Invisible Higgs Boson Samples and Modeling The Search Strategy Uncertainties Results Conclusion References

Invisible Higgs and ZZ Production

Signal: Invisible Decay Modes
I Z boson Higgs-strahlung
I Higgs decay products invisible to

detector
I Not a Standard Model

phenomenon
I Model-independent search

I Some theorized decay modes:
I Decay into pair of Stable neutral

Lightest SUSY Particles (LSP)
I neutralinos (1)

I Large extra dimensions
I Higgs oscillates into a

graviscalar and disappears from
our brane (2)

I Decay into pair of graviscalars
(3)

I Decay into light neutrino and
heavy neutrino (4)

I Explore range of Higgs masses
I 105-145 GeV

The Search for Invisible Higgs Boson Production, With the CMS Detector at the LHC 6/25

ATLAS Limits on H → INV (
∫
Ldt =4.7+13.0 fb−1)

ATLAS-CONF-2013-011

inv) → BR(H
0 0.2 0.4 0.6 0.8 1

1-
CL

-210

-110

1 Observed
Expected

 PreliminaryATLAS
ll(inv)→ZH

-1 Ldt=4.7fb∫=7TeV, s
-1 Ldt=13.0fb∫=8TeV, s

1 - Confidence level (CL) for the SM scalar with 125 GeV mass. The red solid lines indicate the
68% and 95% CL for (a). The expected 95% C.L. upper limit on B(H → INV ) at 125 GeV is 84%,
the observed limit is 65%. DPF 2013 UCSC, August 2013 – p.21/22
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Exotic decays
NMSSM gives h→ aa
‣ well motivated theory
‣ rich phenomenology
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Benchmark Scenario I: NMSSM
I Modified superpotential:

I MSSM: µHuHd
I NMSSM: �SHuHd + 1

3
S3

I Requires less fine tuning and solves µ-problem:
I µ is generated by singlet field VEV and naturally has EW scale

I More complex Higgs sector:
I 3 CP-even Higgses h1,2,3 and 2 CP-odd Higgses a1,2
I Higgs-to-Higgs decay: h1,2 ! 2a1
I a1 weakly couples to SM particles due to its mostly singlet nature
I Can have a substantial B(a1 ! µµ) when 2mµ < ma1 < 2m⌧
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⇤ Phys. Rev. D 81, 075003 (2010): significant structures on the left figure due to variations in B(a1 ! gg)
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Benchmark Scenario II: Dark SUSY

I Recent observation of rising positron fraction at high energies by satellite experiments

I Dark matter annihilation: new light �D as an attractive long-distance force between slow
moving WIMPs

I Simplified implementation of dark sector (for simulation only):
I dark neutralino nD (new LSP) + dark photon �D

I if mn1 < mh
2
: h ! 2n1

I n1 decays into dark sector particles: n1 ! nD�D
I �D weakly couples to SM via kinetic mixing with photon
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Phys. Rev. Lett. 110, 141102 (2013)
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Looking into the Signal Region

I Unblind the signal region
(diagonal region)

I One event is observed in the
signal region

I 3.8± 2.1 background events
expected in the signal region
(1.8 ± 0.6 bb̄,
2.0 ± 2.0 double J/ )
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ATLAS NMSSM h1 → 2a1 → 4γ (
∫
Ldt =4.9 fb−1)
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Flavor changing t→ cH 
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Figure 6: Left : distribution of mγγ for the selected sample in the hadronic channel. Right : evolution
of ∆NLL as a function of Br. The dashed curve corresponds to the case where all constrained nuisance
parameters are fixed to their maximum likelihood estimators at B̂r.
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Figure 7: Evolution of CLs as a function of Br for the observation (full line) and the expectation in the
absence of signal (dashed line). The bands at 1 and 2 σ around the expected curve are also shown.

experiment.
Candidate events were searched for by requiring the presence of two high ET isolated photons. Fur-

ther selection criteria included the presence of 4 jets (with at least 1 b-tagged) for the fully hadronic final
state, or 2 jets (with at least 1 b-tagged), Emiss

T and an isolated lepton for the leptonic final state, plus
kinematic selections designed to enhance the t  t topology.

Using a sideband technique to constrain the background, an expected upper limit on the t → cH
decay branching ratio in the absence of signal of 0.53% was established. A small, statistically insignif-
icant excess is observed in the data, that leads to a limit of 0.83% at the 95% confidence level for
MH = 126.8 GeV. From this limit, an upper limit on the λtcH coupling of 0.17 is obtained, for an
expected value of 0.14.

16

3.1 Fully hadronic final state

At 7 TeV, all events selected at the diphoton level fall in this category. At 8 TeV where information on
identified leptons is available, only events without leptons are considered.

Events are required to have at least four jets and the four leading ones (ordered in decreasing pT) are
considered. Given the decisive role of the presence of a b-tagged jet to define the finally selected events,
the selection of the four highest pT jets is modified in the following way: if the jet ranked fourth in terms
of pT is not b-tagged, and if there is a 5th jet, passing all other cuts, which is b-tagged, then the fourth
jet is replaced by the 5th. This same replacement procedure is repeated in case there is a 6th jet, which is
b-tagged, and the 4th and the 5th were not. The signal MC sample shows that a jet replacement happens
for about 6% of the events, and that the acceptance is increased by about the same amount.

Once four jets are selected, Top1 of mass M1 (mγγ j) associates one jet and the two photons, while
Top2 of mass M2 (mj j j) corresponds to the three remaining jets. There are four such (Top1, Top2) pairs
per event. If at least one of the four pairs fulfills a set of mass cuts around the top quark mass, the event
is preselected. If furthermore one of the four jets is b-tagged, the preselected event is selected.

3.1.1 Mass cuts

Fig. 1 shows the distribution of invariant masses M1 and M2 for all selected events in the
√
s = 8 TeV

sample, with at least 4 jets among which at least one is b-tagged. The Top1 distribution has 4 entries per
event. In the signal sample, normalised to the expectation for a 10% t → cH branching ratio, the narrow
peak associated to the top quark is clearly visible. The combinatorial background has a shape similar to
the distribution obtained with the γγ j Sherpa sample (normalised to data within [0,500] GeV). Based on
the position and width of the narrow peak in the M1 distribution, the interval chosen for the M1 selection,
∆M1 is taken as [156,191] GeV.
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Figure 1: Distribution of the invariant masses of the Top1 (left) and Top2 (right) combinations, for all
selected events before mass cuts in the

√
s = 8 TeV sample. For the Top2 distribution, only combinations

for which M1 fulfills the ∆M1 condition enter.

Only combinations for which M1 fulfills the ∆M1 cut enter in the Top2 distribution. For the signal
MC, the peak associated to the second top quark is clearly visible. The combinatorial background has a
shape similar to the distribution obtained with the γγ j Sherpa sample (normalised as for the Top1 case).
Based on the width of the somewhat broader observed peak, the interval ∆M2 chosen for the M2 selection
is [130,210] GeV.

The reconstructed mass distributions of top candidates in the
√
s = 7 TeV sample are similar to the

ones shown at 8 TeV, and the same cuts are therefore applied.
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Figure 6: Left : distribution of mγγ for the selected sample in the hadronic channel. Right : evolution
of ∆NLL as a function of Br. The dashed curve corresponds to the case where all constrained nuisance
parameters are fixed to their maximum likelihood estimators at B̂r.
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experiment.
Candidate events were searched for by requiring the presence of two high ET isolated photons. Fur-

ther selection criteria included the presence of 4 jets (with at least 1 b-tagged) for the fully hadronic final
state, or 2 jets (with at least 1 b-tagged), Emiss

T and an isolated lepton for the leptonic final state, plus
kinematic selections designed to enhance the t  t topology.

Using a sideband technique to constrain the background, an expected upper limit on the t → cH
decay branching ratio in the absence of signal of 0.53% was established. A small, statistically insignif-
icant excess is observed in the data, that leads to a limit of 0.83% at the 95% confidence level for
MH = 126.8 GeV. From this limit, an upper limit on the λtcH coupling of 0.17 is obtained, for an
expected value of 0.14.
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Theoretical Implications of Signal

• The multi-lepton channel is sensitive to SM Higgs decay
modes and with 5 fb�1 of data, the region
120  mh  150 GeV can be probed at 95% C.L.

E. Contreras-Compana, et.al. ’12

• The CMS 2012 multi-lepton data puts limits on
BR(t ! ch) < 2.7%

N. Craig et.al. ’12

• It also leads to constraints on 2HDM’s when
multiple-channels from h,H,A and H± decay modes.

N. Craig et.al. ’13

Searching for neutral Higgs bosons in non-standard channels Arjun Menon University of Oregon
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Flavor changing decays  
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Higgs couplings to τµ

RH, Kopp, Zupan 1209.1397

LHC  h→τµ  gives 
dominant bound.

(currently just a theorist’s 
re-interpretation)

“natural models” are 
within reach.
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Figure 6: Constraints on the flavor violating Yukawa couplings |Ye⌧ |, |Y⌧e| (upper left panel), |Yeµ|,
|Yµe| (upper right panel) and |Yµ⌧ |, |Y⌧µ| (lower panel) of a 125 GeV Higgs boson. The diagonal

Yukawa couplings are approximated by their SM values. Thin blue dashed lines are contours of

constant BR for h ! ⌧e, h ! µe and h ! ⌧µ, respectively, whereas thick blue lines are the

LHC limits derived in Sec. VA. (These limits could be greatly improved with dedicated searches

on existing LHC data, see Sec. VC.) Shaded regions show the constraints discussed in Sec. III

as indicated in the plots. Note that g � 2 [EDM] searches (diagonal black dotted lines) are only

sensitive to parameter combinations of the form Re(Y↵�Y�↵) [Im(Y↵�Y�↵)]. We also show limits

from a combination of g � 2 and EDM searches with marginalization over the complex phases

of the Yukawa couplings (green shaded regions). Note that (g � 2)µ provides upper and lower

limits (as indicated by the double-sided arrows in the lower panel) if the discrepancy between the

measurement and the SM prediction [38, 43] is taken into account. The thin red dotted lines show

rough naturalness limits YijYji . mimj/v2 (see Sec. II).

17

Fermions can get a mass from several sources.    
For example:

Higgs Couplings: New Physics

Y ij
1 H1f

i
Lf

j
R + Y ij

2 H2f
i
Lf

j
R

Y ijHf i
Lf

j
R + Ŷ ij |H|2

⇤2
Hf i

Lf
j
R

2 doublet model:

Higher dim. op:

- or - 

Two sources can be misaligned 
in flavor and/or in phase.

Higgs couplings to µe
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Outside of 
LHC reach.

Probing 
“natural” models.

R. Harnik @ Snowmass

Higgs Couplings: New Physics
The Higgs boson then has more general couplings: 

L � Yij hf
i
Lf

j
R + h.c.

* To avoid tuning we expect                      ,

   but phases can be of order one.

Yij .
p
mimj

v

lets call couplings that 

satisfy this “n
atural”
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Same distribution, more Higgs-like states

Searching for additional 
H→γγ using SM Higgs as 
“background” @ CMS
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7.3 Search for two near mass-degenerate states 9
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Figure 2: Exclusion limit on s ⇥ BR for another Higgs state with SM couplings taking the
observed state at 125 GeV as part of the background
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Figure 3: Exclusion limits on s ⇥ BR for a second Higgs-like state produced with gluon-fusion
only (left) or vector-boson-fusion and vector-boson-associated production only (right) taking
the observed state at 125 GeV as part of the background.

only relevant production mechanism. We assume that the state near 125 GeV has SM cou-
plings, with floating mass and signal strength, and search for additional states with only gluon-
fusion production (Fig. 3a) and only vector-boson-fusion and vector-boson-associated produc-
tion (Fig. 3b). The local p-value at the most significant excess, which in both cases is where
mH=136.5 GeV, is found to be 2.73s for gluon-fusion production only and 2.15s for vector-
boson production only.

7.3 Search for two near mass-degenerate states

Because of the high resolution of the diphoton channel, there is some sensitivity to a pair of
nearby states. The analysis uses the one-Higgs search event selections but the signal model is
re-parameterized such that two mass variables, mH and mH2 = mH + Dm, refer to two similar
but independent signals. The relative strength of the two signals, parametrised by the variable
x, is allowed to float such that the two signals are modulated by rx and r(1 � x) respectively,
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Figure 5: 95% CL upper limits on the Higgs boson production cross section times branching ratio
for H!WW!`⌫`⌫ (with ` = e, µ, ⌧ including all ⌧ decay modes) for a Higgs boson with a SM-like
lineshape. The limits are shown for (a) ggF production and (b) VBF production. The green and yellow
bands show the ±1� and ±2� uncertainties on the expected limit. The expected cross section times
branching ratio for the production of a SM Higgs boson is shown as a blue line.

 [GeV]Hm
300 400 500 600 700 800 900 1000

 B
R

 [p
b]

× 
σ

95
%

 C
L 

Li
m

it 
on

 

-310

-210

-110

1

10
Obs. ggF
Exp. ggF

σ1 ±
σ2 ±

 BR× Thσ
-1Ldt = 20.7 fb∫ = 8 TeV s

ATLAS Preliminary
, NWAνµνe→WW→H

(a)

 [GeV]Hm
300 400 500 600 700 800 900 1000

 B
R

 [p
b]

× 
σ

95
%

 C
L 

Li
m

it 
on

 

-310

-210

-110

1

10
Obs. VBF
Exp. VBF

σ1 ±
σ2 ±

 BR× Thσ
-1Ldt = 20.7 fb∫ = 8 TeV s

ATLAS Preliminary
, NWAνµνe→WW→H

(b)

Figure 6: 95% CL upper limits on the Higgs boson production cross section times branching ratio
for H!WW!`⌫`⌫ (with ` = e, µ, ⌧ including all ⌧ decay modes) for a Higgs boson with a narrow
lineshape (NWA). The limits are shown for (a) ggF production and (b) VBF production. The green
and yellow bands show the ±1� and ±2� uncertainties on the expected limit. The expected cross
section times branching ratio for the production of a SM Higgs boson is shown as a blue line.
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Searching for High-mass Higgs 
in H→ WW→ lν lν @ ATLAS



Kyle Cranmer (NYU)

Center for 
Cosmology and 
Particle Physics

DPF, Santa Cruz, August 2013

BaBar nMSSM searches
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Possibility'of'a'CPJodd'light'Higgs'A0'

•  A'light'Higgs'boson,'with'quantum'
numbers'JPC=0J+,'is'predicted'in'
extensions'of'the'Standard'Model,'
such'as'the'NextJtoJMinimal'
Supersymmetric'Standard'Model'

–  R.'Dermisek'and'J.'F.'Gunion,'“New'
constraints'on'a'light'CP−odd'Higgs'boson'
and'related'NMSSM'ideal'Higgs'scenarios”,'
Phys.'Rev.'D'81,'075003'(2010).'

•  Such'a'Higgs'with'a'mass'<'2mb'is'
not'excluded'from'LEP'constraints'

Aug'15th,'2013' 2'Rocky'So'

T.'Rizzo'(SLAC'Summer'Ins9tute'2012)'

NMSSM'BABAR$light'Higgs'searches'

Aug'15th,'2013' Rocky'So' 5'

Presented'in'DPF'2011'

ϒ(2,3S)'→'γ A0;'A0'→'μ+μJ' PRL'103,'081803'(2009)''

ϒ(3S)'→'γ A0;'A0'→'τ+τJ' PRL'103,'181801'(2009)''

ϒ(1S)'→'γ A0;'A0'→'invisible' PRL'107,'021804'(2011)''

ϒ(2,3S)'→'γ A0;'A0'→'hadrons' PRL'107,'221803'(2011)''

Today’s'talk'

ϒ(1S)'→'γ A0;'A0'→'μ+μJ' PRD'87,'031102(R)'(2013)''

ϒ(1S)'→'γ A0;'A0'→'τ+τJ' arXiv:1210:5669'

ϒ(1S)'→'γ A0;'A0'→'gg'or'ss' PRD'88,'031701(R)'(2013)''J'

Rocky	
  So

Parameter'space'excluded'by'data'

Aug'15th,'2013' Rocky'So' 18'

Dots'='predic9on'at'different'masses'
Box'='range'of'exclusion'by'data'at'different'masses'

We'reject'the'space'above'the'boxes'
(horizontal'loca9on'of'boxes'separated'for'visual'purposes)'

0'<'mA'<'2mτ'

2mτ'<'mA'<'7.5GeV'
7.5'<'mA'<'8.8GeV'
8.8'<'mA'<'9.2GeV'

μ+μJ' τ+τJ'PRD'81,'075003'(2010)'
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... and much much more

48

• No visible excess of events, limits are set  in the mA,tan (β) plane

•  Results are compared with previous limits from LEP 

10

!->ττ http://arxiv.org/pdf/1202.4083v1.pdf

Thursday, August 15, 13

•  Clean signature by requiring a muon 

from semi-leptonic b-decay

• Possibility of lowering thresholds at the 
cost of loosing some signal acceptance

• No visible excess of events is observed 
neither in all-hadronic or semi-leptonic 
channels 

• 95% CL limits are set on tan(β) as a 
function of MA for the combined all-hadronic 
and semi-leptonic analysis

• Results are compared with previous limits 
from LEP and Tevatron experiments

8
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Medium-Mass Scenario
Semileptonic Analysis
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3b
Non-Standard Higgs into 3b: Production and Decay

• tan�⌧
eff can be small compared to tan�b

eff ) weaker reach
in the ⌧⌧ channel.

• The H/A ! bb̄ can be enhanced enough to make it
competitive with the clean ⌧⌧ channel.

• In addition to the 4b-final state we also have:

H/A

g

b

b

• 3b channel can be important at 14 TeV LHC for mSUGRA
Cao et.al. ’09, Baer et. al. ’11

Searching for neutral Higgs bosons in non-standard channels Arjun Menon University of Oregon

ATLAS MSSM Limits on tan β from h/H/A → τ+τ−
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(yellow) bands for the expected limit are shown on the left plot. The 95 % confidence level CLs
limits along with the ±1σ band for the expected limit for each of the µµ, τeτµ, τlepτhad, and
τhadτhad final states are shown on the right plot.

DPF 2013 UCSC, August 2013 – p.9/22

h,H,A→ττ

• Observed Φ++ mass limits at 
95% CL for 100% Branching 
fraction to ee channel

• Summary of results for all 
lepton combinations

• Results are compared for 
different CMS luminosities and 
ATLAS and Tevatron limits

Double Charged Higgs

19

http://arxiv.org/pdf/1207.2666.pdf

Thursday, August 15, 13
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Conclusions
We’ve found a new particle, and we’ve only just begun
‣ a profound step in our understanding of fundamental phyics
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